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Figure 1-2. Overlap between the questions and ideas discussed in the text.

equivalent (or ‘dual’) to composite theories. This has led to a deeper understanding of both extra
dimensions and compositeness, and led to many interesting and detailed proposals for new phyics
based on these ideas.

• Unification of forces. The idea that all elementary interactions have a unified origin goes back to
Einstein, and has its modern form in grand unification and string theory. There is experimental
evidence for the unification of gauge couplings at short distances, and string theory generally predicts
additional interactions that may exist at the TeV scale.

• Hidden Sectors. Additional particle sectors that interact very weakly with standard model particles
are a generic feature of string theory, and may play an important role in cosmology, for example dark
matter.

• ‘Smoking Gun’ Particles. Some kinds of new particles give especially important clues about the big
questions and ideas discussed here. Top partners are required in most solutions to the naturalness
problem; additional Higgs bosons are present in many models of electroweak symmetry breaking;
contact interactions of dark matter with standard model particles are the minimal realization of WIMP
dark matter; and unified theories often predict new gauge bosons (W 0/Z 0) that mix with the electroweak
gauge bosons.

• The Multiverse. String theory apparently predicts a ‘landscape’ of vacua, and eternal inflation gives
a plausible mechanism for populating them in the universe. The implications of this for particle
physics and cosmology are far from clear, but it has the potential to account for apparently unnatural
phenomena, such as fine-tuning.

These questions and ideas are summarized in Fig. 1-2, along with the connections between them.
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what was possible in SUSY, a la 2010

[LesHouches 2011]
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what the LHC sees, so far



Figure 6: Heuristic cross section exclusion. The diagonal lines correspond to the production
cross sections for various SUSY processes, while the horizontal red band corresponds to
10 fb�1± few. For each process, the intersection of the production cross section and
the sensitivity band tells you the current mass scale probed at the LHC. Provided the
spectrum is not compressed, the current sensitivity is � · Br ⇠ 10 fb across the board with
improvements in distinctive final states, while with compressed MET it’s ⇠ 1 pb. Cartoon
inspired by the Prospino2 propaganda plot [15].

18

mass

σ (pb)

‘typical’ cross sections for supersymmetry processes
rough limits after LHC8 : σ~ 10 fb

[from N. Craig]



3.3 Gluinos

Gluinos are one of the driving forces of supersymmetric signals at the LHC, given their
considerable production cross section and radiative connection to squark masses. The pair
production cross section is approximately two orders of magnitude larger than that of stops,
ranging from 10pb -1fb at 8 TeV for gluinos between 400 and 1300 GeV.

First, we can consider “pure” gluino limits, under the assumption that squarks are
significantly heavier. In this case, the gluino decay occurs primarily into three-body final
states involving o↵-shell intermediate squarks, g̃ ! qq̄�0

1. If the lightest squark is third-
generation, then the quarks are predominantly third-generation, g̃ ! tt̄�0

1 or g̃ ! bb̄�0
1.

Representative limits from CMS are shown in Fig. 9 [33, 34]; ATLAS limits are similar, with
somewhat greater mass reach due to di↵erences in the search procedure and background
characterization. Note that these limits assume the decays of the gluino are prompt. If the
intermediate squarks are su�ciently heavy, the gluino may become long-lived on collider
timescales. In this case it forms a quasi-stable bound state, called an R-hadron, with
correspondingly spectacular signatures that are probed in di↵erent ways.
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Figure 10: Upper limit on cross section at 95% CL as a function of mq̃ or mg̃ and mLSP for various
simplified models. The solid thick black line indicates the observed exclusion region assuming
NLO+NLL SUSY production cross section. The thin black lines represent the observed ex-
cluded region when varying the cross section by its theoretical uncertainty. The dashed purple
lines indicate the median (thick line) ±1� (thin lines) expected exclusion regions.
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Figure 9: Current CMS limits on gluinos [33, 34]; ATLAS limits are similar.

In the case of decays proceeding through light quarks, the final states are distinguished
by high jet multiplicity, & 4j, and in the case of decays through heavy flavor, this jet
multiplicity is supplemented by a large number of b-tags. Searches are simply designed for
missing energy and high jet multiplicity. At low mass, the cross section is su�ciently large
that even reduced amounts of MET provide sensitivity, but at higher masses this sensitivity
plateaus. For the generic light-flavor case, limits extend out to ⇠ 1 TeV. Limits are similar
for the heavy flavor case with tops, albeit with reduced sensitivity in kinematically squeezed
regimes, but improvements when searching for leptons. Leptonic final states have reach out
to ⇠ 1.2 TeV. The limits for heavy flavor with bottoms extend out to ⇠ 1.2 TeV, since the

22

more detailed limits: some dependence on decays
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Figure 7: Current stop limits from ATLAS (top) [16] and CMS (bottom) [17].
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3.3 Gluinos

Gluinos are one of the driving forces of supersymmetric signals at the LHC, given their
considerable production cross section and radiative connection to squark masses. The pair
production cross section is approximately two orders of magnitude larger than that of stops,
ranging from 10pb -1fb at 8 TeV for gluinos between 400 and 1300 GeV.

First, we can consider “pure” gluino limits, under the assumption that squarks are
significantly heavier. In this case, the gluino decay occurs primarily into three-body final
states involving o↵-shell intermediate squarks, g̃ ! qq̄�0

1. If the lightest squark is third-
generation, then the quarks are predominantly third-generation, g̃ ! tt̄�0

1 or g̃ ! bb̄�0
1.

Representative limits from CMS are shown in Fig. 9 [33, 34]; ATLAS limits are similar, with
somewhat greater mass reach due to di↵erences in the search procedure and background
characterization. Note that these limits assume the decays of the gluino are prompt. If the
intermediate squarks are su�ciently heavy, the gluino may become long-lived on collider
timescales. In this case it forms a quasi-stable bound state, called an R-hadron, with
correspondingly spectacular signatures that are probed in di↵erent ways.
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Figure 10: Upper limit on cross section at 95% CL as a function of mq̃ or mg̃ and mLSP for various
simplified models. The solid thick black line indicates the observed exclusion region assuming
NLO+NLL SUSY production cross section. The thin black lines represent the observed ex-
cluded region when varying the cross section by its theoretical uncertainty. The dashed purple
lines indicate the median (thick line) ±1� (thin lines) expected exclusion regions.
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Figure 9: Current CMS limits on gluinos [33, 34]; ATLAS limits are similar.

In the case of decays proceeding through light quarks, the final states are distinguished
by high jet multiplicity, & 4j, and in the case of decays through heavy flavor, this jet
multiplicity is supplemented by a large number of b-tags. Searches are simply designed for
missing energy and high jet multiplicity. At low mass, the cross section is su�ciently large
that even reduced amounts of MET provide sensitivity, but at higher masses this sensitivity
plateaus. For the generic light-flavor case, limits extend out to ⇠ 1 TeV. Limits are similar
for the heavy flavor case with tops, albeit with reduced sensitivity in kinematically squeezed
regimes, but improvements when searching for leptons. Leptonic final states have reach out
to ⇠ 1.2 TeV. The limits for heavy flavor with bottoms extend out to ⇠ 1.2 TeV, since the
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more detailed limits: some dependence on decays
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Figure 7: Current stop limits from ATLAS (top) [16] and CMS (bottom) [17].
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separate squark or gluino scenarios. Current ATLAS limits on a squark-gluino simplified
model are shown in Fig. 11 [35].

If squarks, including stops, were all of the same mass and similar in mass to the gluino,
this would imply a tuning of � ⇠ 100. Thus we begin to see clearly how spectra dictated
by parsimony are under increasing tension from the LHC.
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Figure 6: Exclusion limits for a simplified phenomenological MSSM scenario with only strong produc-
tion of gluinos and first- and second-generation squarks (of common mass), with direct decays to jets
and lightest neutralinos. Three values of the lightest neutralino mass are considered: m�̃0

1
= 0, 395 and

695 GeV. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. The dashed lines show the expected limits at 95% CL, with the light (yellow) band indicating
the 1� experimental and background-theory uncertainties on the m�̃0

1
= 0 limit. Observed limits are

indicated by solid curves. The dotted lines represent the m�̃0
1
= 0 observed limits obtained by varying the

signal cross-section by the theoretical scale and PDF uncertainties. Previous results for m�̃0
1
= 0 from

ATLAS at 7 TeV [17] are represented by the shaded (light blue) area. Results at 7 TeV are valid for
squark or gluino masses below 2000 GeV, the mass range studied for that analysis.

In Fig. 7 limits are shown for three classes of simplified model in which only direct production of
(a) gluino pairs, (b) light-flavour squarks and gluinos or (c) light-flavour squark pairs is kinematically
possible, with all other superpartners, except for the neutralino LSP, decoupled. This forces each light-
flavour squark or gluino to decay directly to jets and an LSP. Cross-sections are evaluated assuming
decoupled light-flavour squarks or gluinos in cases (a) and (c), respectively. In all cases squarks of the
third generation are decoupled. In case (b) the masses of the light-flavour squarks are set to 0.96 times
the mass of the gluino. The expected limits for case (c) do not extend substantially beyond those obtained
from the previous published ATLAS analysis [17] because the events closely resemble the predominant
W/Z + 2-jet background, leading the background uncertainties to be dominated by systematics.

In Fig. 8 limits are shown for pair produced gluinos each decaying via an intermediate �̃±1 to two
quarks, a W boson and a �̃0

1, and pair produced light squarks each decaying via an intermediate �̃±1 to
a quark, a W boson and a �̃0

1. Results are presented for models in which either the �̃0
1 mass is fixed to

60 GeV, or the mass splitting between the �̃±1 and the �̃0
1, relative to that between the squark or gluino

and the �̃0
1, is fixed to 0.5.

In Fig. 9 the results are interpreted in the context of a Non-Universal Higgs Mass model with gaugino
mediation (NUHMG) [73] with parameters tan � = 10, µ > 0, m2

H2
= 0, and A0 chosen to maximize the

mass of the lightest Higgs boson. The two remaining free parameters of the model m1/2 and m2
H1

are
chosen such that the next-to-lightest SUSY particle (NLSP) is a tau-sneutrino with properties satisfying
Big Bang Nucleosynthesis constraints.

In Fig. 10(left) limits are presented for a simplified phenomenological SUSY model in which pairs
of gluinos are produced, each of which then decays to a top squark and a top quark, with the top squark
decaying to a charm quark and �̃0

1.
In addition to these interpretations in terms of SUSY models, an alternative interpretation in the

context of the minimal universal extra dimension (mUED) model [75] with similar phenomenological

14

Figure 11: Current ATLAS limits on a squark-gluino simplified model [35]. CMS limits
are similar.

3.5 Electroweakinos

One of the most impressive and exciting developments (to me, at least) has been the
improving sensitivity to pure electroweak production of electroweakinos, with processes
such as �0

2�
± ! Z�0

1W�0
1 beginning to exceed LEP limits in mass reach. These searches

are challenging due to the substantial irreducible background from SM diboson production,
but can be e↵ectively searched for using leptonic final states and refinements involving the
flavor and charge properties of the leptons. The most e↵ective channels are trileptons
including one opposite-sign, same-flavor pair reconstructing a Z boson, as well as 2`2j
final states where the leptons again reconstruct a Z, with limits shown in Fig. 12 [36].

Sensitivity to WZ + MET is of order 100 fb, but including leptonic BR, sensitivity
is of order 10 fb on par with other searches. As illustrated in Fig. 12, this pushes out to
⇠ 325 GeV, which entails a tuning of � ⇠ 25.

One can also search for more optimistic scenarios where the electroweakinos decay
through sleptons, yielding additional leptons in combinations that populate channels with
smaller SM backgrounds. In general, trilepton final states without a Z boson are relatively
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3.3 Gluinos

Gluinos are one of the driving forces of supersymmetric signals at the LHC, given their
considerable production cross section and radiative connection to squark masses. The pair
production cross section is approximately two orders of magnitude larger than that of stops,
ranging from 10pb -1fb at 8 TeV for gluinos between 400 and 1300 GeV.

First, we can consider “pure” gluino limits, under the assumption that squarks are
significantly heavier. In this case, the gluino decay occurs primarily into three-body final
states involving o↵-shell intermediate squarks, g̃ ! qq̄�0

1. If the lightest squark is third-
generation, then the quarks are predominantly third-generation, g̃ ! tt̄�0

1 or g̃ ! bb̄�0
1.

Representative limits from CMS are shown in Fig. 9 [33, 34]; ATLAS limits are similar, with
somewhat greater mass reach due to di↵erences in the search procedure and background
characterization. Note that these limits assume the decays of the gluino are prompt. If the
intermediate squarks are su�ciently heavy, the gluino may become long-lived on collider
timescales. In this case it forms a quasi-stable bound state, called an R-hadron, with
correspondingly spectacular signatures that are probed in di↵erent ways.
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Figure 10: Upper limit on cross section at 95% CL as a function of mq̃ or mg̃ and mLSP for various
simplified models. The solid thick black line indicates the observed exclusion region assuming
NLO+NLL SUSY production cross section. The thin black lines represent the observed ex-
cluded region when varying the cross section by its theoretical uncertainty. The dashed purple
lines indicate the median (thick line) ±1� (thin lines) expected exclusion regions.
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Figure 9: Current CMS limits on gluinos [33, 34]; ATLAS limits are similar.

In the case of decays proceeding through light quarks, the final states are distinguished
by high jet multiplicity, & 4j, and in the case of decays through heavy flavor, this jet
multiplicity is supplemented by a large number of b-tags. Searches are simply designed for
missing energy and high jet multiplicity. At low mass, the cross section is su�ciently large
that even reduced amounts of MET provide sensitivity, but at higher masses this sensitivity
plateaus. For the generic light-flavor case, limits extend out to ⇠ 1 TeV. Limits are similar
for the heavy flavor case with tops, albeit with reduced sensitivity in kinematically squeezed
regimes, but improvements when searching for leptons. Leptonic final states have reach out
to ⇠ 1.2 TeV. The limits for heavy flavor with bottoms extend out to ⇠ 1.2 TeV, since the
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more detailed limits: some dependence on decays
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separate squark or gluino scenarios. Current ATLAS limits on a squark-gluino simplified
model are shown in Fig. 11 [35].

If squarks, including stops, were all of the same mass and similar in mass to the gluino,
this would imply a tuning of � ⇠ 100. Thus we begin to see clearly how spectra dictated
by parsimony are under increasing tension from the LHC.
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Figure 6: Exclusion limits for a simplified phenomenological MSSM scenario with only strong produc-
tion of gluinos and first- and second-generation squarks (of common mass), with direct decays to jets
and lightest neutralinos. Three values of the lightest neutralino mass are considered: m�̃0

1
= 0, 395 and

695 GeV. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. The dashed lines show the expected limits at 95% CL, with the light (yellow) band indicating
the 1� experimental and background-theory uncertainties on the m�̃0

1
= 0 limit. Observed limits are

indicated by solid curves. The dotted lines represent the m�̃0
1
= 0 observed limits obtained by varying the

signal cross-section by the theoretical scale and PDF uncertainties. Previous results for m�̃0
1
= 0 from

ATLAS at 7 TeV [17] are represented by the shaded (light blue) area. Results at 7 TeV are valid for
squark or gluino masses below 2000 GeV, the mass range studied for that analysis.

In Fig. 7 limits are shown for three classes of simplified model in which only direct production of
(a) gluino pairs, (b) light-flavour squarks and gluinos or (c) light-flavour squark pairs is kinematically
possible, with all other superpartners, except for the neutralino LSP, decoupled. This forces each light-
flavour squark or gluino to decay directly to jets and an LSP. Cross-sections are evaluated assuming
decoupled light-flavour squarks or gluinos in cases (a) and (c), respectively. In all cases squarks of the
third generation are decoupled. In case (b) the masses of the light-flavour squarks are set to 0.96 times
the mass of the gluino. The expected limits for case (c) do not extend substantially beyond those obtained
from the previous published ATLAS analysis [17] because the events closely resemble the predominant
W/Z + 2-jet background, leading the background uncertainties to be dominated by systematics.

In Fig. 8 limits are shown for pair produced gluinos each decaying via an intermediate �̃±1 to two
quarks, a W boson and a �̃0

1, and pair produced light squarks each decaying via an intermediate �̃±1 to
a quark, a W boson and a �̃0

1. Results are presented for models in which either the �̃0
1 mass is fixed to

60 GeV, or the mass splitting between the �̃±1 and the �̃0
1, relative to that between the squark or gluino

and the �̃0
1, is fixed to 0.5.

In Fig. 9 the results are interpreted in the context of a Non-Universal Higgs Mass model with gaugino
mediation (NUHMG) [73] with parameters tan � = 10, µ > 0, m2

H2
= 0, and A0 chosen to maximize the

mass of the lightest Higgs boson. The two remaining free parameters of the model m1/2 and m2
H1

are
chosen such that the next-to-lightest SUSY particle (NLSP) is a tau-sneutrino with properties satisfying
Big Bang Nucleosynthesis constraints.

In Fig. 10(left) limits are presented for a simplified phenomenological SUSY model in which pairs
of gluinos are produced, each of which then decays to a top squark and a top quark, with the top squark
decaying to a charm quark and �̃0

1.
In addition to these interpretations in terms of SUSY models, an alternative interpretation in the

context of the minimal universal extra dimension (mUED) model [75] with similar phenomenological

14

Figure 11: Current ATLAS limits on a squark-gluino simplified model [35]. CMS limits
are similar.

3.5 Electroweakinos

One of the most impressive and exciting developments (to me, at least) has been the
improving sensitivity to pure electroweak production of electroweakinos, with processes
such as �0

2�
± ! Z�0

1W�0
1 beginning to exceed LEP limits in mass reach. These searches

are challenging due to the substantial irreducible background from SM diboson production,
but can be e↵ectively searched for using leptonic final states and refinements involving the
flavor and charge properties of the leptons. The most e↵ective channels are trileptons
including one opposite-sign, same-flavor pair reconstructing a Z boson, as well as 2`2j
final states where the leptons again reconstruct a Z, with limits shown in Fig. 12 [36].

Sensitivity to WZ + MET is of order 100 fb, but including leptonic BR, sensitivity
is of order 10 fb on par with other searches. As illustrated in Fig. 12, this pushes out to
⇠ 325 GeV, which entails a tuning of � ⇠ 25.

One can also search for more optimistic scenarios where the electroweakinos decay
through sleptons, yielding additional leptons in combinations that populate channels with
smaller SM backgrounds. In general, trilepton final states without a Z boson are relatively

24
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WZ/ZZ + Emiss
T analysis of Section 6 to restrict the GMSB scenario. The results are displayed

in Fig. 21.

8.4 Limits on chargino and slepton pair production

Figure 22 shows limits on the chargino and slepton pair-production cross section times branch-
ing ratio for the processes of Fig. 3. The limits for chargino-pair production are set using both
the opposite- and same-flavor channels discussed in Section 7, while the limits for slepton pair
production are set using only the same-flavor channel.

9 Summary
This note presents searches for supersymmetric charginos, neutralinos, and sleptons. The
searches explore final states with three leptons, four leptons, two same-sign leptons, two res-
onant opposite-sign-same-flavor leptons plus two jets, and two non-resonant opposite-sign
leptons. Figure 23 displays four of the results presented above on a single plot. No excesses
above the standard model expectations are observed. The results are used to exclude a range of
chargino, neutralino, and slepton masses, where we assume these particles have large branch-
ing fractions to leptons and vector bosons.

The results improve on the previous CMS search for electroweak supersymmetry [8]. This
analysis also presents the first interpretation from CMS of models with slepton and chargino
pair production.

Figure 12: Current electroweakino limits from CMS [36]; ATLAS results are similar.

rare in the SM, so sensitivity to these scenarios is good and the cross section reach is at
the ⇠ few fb level. This is illustrated cleanly in Fig. 13 [36].

8.3 Limits on a Z-enriched GMSB model 23
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1

versus m��0
2

(= m��±
1

) plane indicates the 95% CL upper limit on
the chargino-neutralino production NLO cross section times branching fraction in the flavor-
democratic scenario, for the three-lepton search. The contours bound the mass regions ex-
cluded at 95% CL for a branching fraction of 50%, as appropriate for the visible decay products
in this scenario. The contours based on the observations are shown; in addition, the expected
bound is shown.
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Figure 17: The shading in the m��0
1

versus m��0
2

(= m��±
1

) plane indicates the 95% CL upper limit on
the chargino-neutralino production NLO cross section times branching fraction in the flavor-
democratic scenario, for the combined analysis of the three-lepton search and the same-sign
dilepton search. The contours bound the mass regions excluded at 95% CL for a branching
fraction of 50%, as appropriate for the visible decay products in this scenario. The contours
based on the observations are shown for the combination; in addition, the expected combined
bound is shown. Other contours show separate mass exclusions for the three-lepton search and
the same-sign dilepton search alone.

Figure 13: Current CMS electroweakino limits for spectra with light sleptons [36]; ATLAS
results are similar.

The considerable hole in current searches at the LHC is to the pair production of
charginos [37]. Production and decay of �+�� ! W+W� + �0

1�
0
1 is extremely challenging

to search for given the large irreducible WW background at the LHC. At present the only
genuine direct limit is set by ATLAS, which is 2 � 3 times the theory cross section below
200 GeV and then worsens to 5 times the theory cross section by 250 GeV due to the falling
rate [38]. This is the one final state for which limits have not improved relative to LEP.

25



3.3 Gluinos

Gluinos are one of the driving forces of supersymmetric signals at the LHC, given their
considerable production cross section and radiative connection to squark masses. The pair
production cross section is approximately two orders of magnitude larger than that of stops,
ranging from 10pb -1fb at 8 TeV for gluinos between 400 and 1300 GeV.

First, we can consider “pure” gluino limits, under the assumption that squarks are
significantly heavier. In this case, the gluino decay occurs primarily into three-body final
states involving o↵-shell intermediate squarks, g̃ ! qq̄�0

1. If the lightest squark is third-
generation, then the quarks are predominantly third-generation, g̃ ! tt̄�0

1 or g̃ ! bb̄�0
1.

Representative limits from CMS are shown in Fig. 9 [33, 34]; ATLAS limits are similar, with
somewhat greater mass reach due to di↵erences in the search procedure and background
characterization. Note that these limits assume the decays of the gluino are prompt. If the
intermediate squarks are su�ciently heavy, the gluino may become long-lived on collider
timescales. In this case it forms a quasi-stable bound state, called an R-hadron, with
correspondingly spectacular signatures that are probed in di↵erent ways.
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Figure 10: Upper limit on cross section at 95% CL as a function of mq̃ or mg̃ and mLSP for various
simplified models. The solid thick black line indicates the observed exclusion region assuming
NLO+NLL SUSY production cross section. The thin black lines represent the observed ex-
cluded region when varying the cross section by its theoretical uncertainty. The dashed purple
lines indicate the median (thick line) ±1� (thin lines) expected exclusion regions.
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Figure 9: Current CMS limits on gluinos [33, 34]; ATLAS limits are similar.

In the case of decays proceeding through light quarks, the final states are distinguished
by high jet multiplicity, & 4j, and in the case of decays through heavy flavor, this jet
multiplicity is supplemented by a large number of b-tags. Searches are simply designed for
missing energy and high jet multiplicity. At low mass, the cross section is su�ciently large
that even reduced amounts of MET provide sensitivity, but at higher masses this sensitivity
plateaus. For the generic light-flavor case, limits extend out to ⇠ 1 TeV. Limits are similar
for the heavy flavor case with tops, albeit with reduced sensitivity in kinematically squeezed
regimes, but improvements when searching for leptons. Leptonic final states have reach out
to ⇠ 1.2 TeV. The limits for heavy flavor with bottoms extend out to ⇠ 1.2 TeV, since the
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more detailed limits: some dependence on decays

 [GeV]
1t

~m
100 200 300 400 500 600 700

1
0

χ∼

+mt

 < 
m

1t~m

1
0

χ∼

 + 
m

W

 + 
m

b

 < 
m

1t~m

1
0

χ∼

 + 
m

c

 < 
m

1t~m

200 300 400 500 600

)
1

0
χ∼ m×

 = 2 
1

±
χ∼ ( m

1
±
χ∼+m

b < m
1t~m

 < 106 GeV 
1

±
χ∼

 m

 ( = 150 GeV)
1

±
χ∼

 > m
1

0
χ∼

 m

+5
 G

eV
)

1
0
χ∼

 = 
m

1
±
χ∼ ( m

1
±
χ∼+m

b
 < 

m
1t~m

 < 103.5 GeV
1

±
χ∼

m

 [G
eV

]
10 χ∼

m

0

100

200

300

400

500

600

Observed limits
Expected limits

All limits at 95% CL

 [1203.4171]-1CDF 2.6 fb

ATLAS Preliminary

 production1t
~
1t

~ Status: SUSY 2013

=8 TeVs -1 = 20 - 21 fbintL =7 TeVs -1 = 4.7 fbintL
0L ATLAS-CONF-2013-024

1L ATLAS-CONF-2013-037

2L ATLAS-CONF-2013-065

2L ATLAS-CONF-2013-048

0L mono-jet/c-tag, CONF-2013-068
0L 1308.2631

-

1L CONF-2013-037, 0L 1308.2631

2L ATLAS-CONF-2013-048

1L CONF-2013-037, 2L CONF-2013-048

0L [1208.1447]

1L [1208.2590]

2L [1209.4186]
-

-

-
2L [1208.4305], 1-2L [1209.2102]

-

-

1-2L [1209.2102]

1
0
χ∼ (*) W→

1
±χ∼, 

1
±χ∼ b → 1t

~
1
0
χ∼ t →1t

~ / 
1
0
χ∼ W b →1t

~ / 
1
0
χ∼ c →1t

~

0L,
1L,
2L,
2L,
0L,
0L,
1-2L,
1L,
2L,
1-2L,

1
0
χ∼ t →1t

~ 

1
0
χ∼ t →1t

~ 

1
0
χ∼ t →1t

~ 

1
0
χ∼ W b →1t

~ 

1
0
χ∼ c →1t

~ mono-jet/c-tag, 
 + 5 GeV

1

0
χ∼

 = m±

1
χ m

 = 106 GeV
±

1
χ

, m1
±χ∼ b → 1t

~    
 = 150 GeV
±

1
χ

, m1
±χ∼ b → 1t

~ 
 - 10 GeV

1t
~ = m

±

1
χ

, m1
±χ∼ b → 1t

~ 

1

0
χ∼

 m× = 2 
±

1
χ

, m1
±χ∼ b → 1t

~    

stop mass [GeV]
100 200 300 400 500 600 700 800

LS
P 

m
as

s 
[G

eV
]

0

50

100

150

200

250

300

350

400

450

500

W
=m

1
0

χ∼-mt~m

t
=m

1
0

χ∼-mt~m

SUSY 2013
 = 8 TeVs

CMS Preliminary

 productiont~-t~

)
1
0
χ∼ t →t~ (-1SUS-13-004 0-lep+1-lep (Razor) 19.3 fb

)
1
0
χ∼ t →t~ (-1SUS-13-011 1-lep (leptonic stop)19.5 fb

, x=0.25)
1
+
χ∼ b →t~ (-1SUS-13-011 1-lep (leptonic stop)19.5 fb

Observed

Expected

W
=m

1
0

χ∼-m
1
±

χ∼m

Figure 7: Current stop limits from ATLAS (top) [16] and CMS (bottom) [17].
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separate squark or gluino scenarios. Current ATLAS limits on a squark-gluino simplified
model are shown in Fig. 11 [35].

If squarks, including stops, were all of the same mass and similar in mass to the gluino,
this would imply a tuning of � ⇠ 100. Thus we begin to see clearly how spectra dictated
by parsimony are under increasing tension from the LHC.
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Figure 6: Exclusion limits for a simplified phenomenological MSSM scenario with only strong produc-
tion of gluinos and first- and second-generation squarks (of common mass), with direct decays to jets
and lightest neutralinos. Three values of the lightest neutralino mass are considered: m�̃0

1
= 0, 395 and

695 GeV. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. The dashed lines show the expected limits at 95% CL, with the light (yellow) band indicating
the 1� experimental and background-theory uncertainties on the m�̃0

1
= 0 limit. Observed limits are

indicated by solid curves. The dotted lines represent the m�̃0
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= 0 observed limits obtained by varying the

signal cross-section by the theoretical scale and PDF uncertainties. Previous results for m�̃0
1
= 0 from

ATLAS at 7 TeV [17] are represented by the shaded (light blue) area. Results at 7 TeV are valid for
squark or gluino masses below 2000 GeV, the mass range studied for that analysis.

In Fig. 7 limits are shown for three classes of simplified model in which only direct production of
(a) gluino pairs, (b) light-flavour squarks and gluinos or (c) light-flavour squark pairs is kinematically
possible, with all other superpartners, except for the neutralino LSP, decoupled. This forces each light-
flavour squark or gluino to decay directly to jets and an LSP. Cross-sections are evaluated assuming
decoupled light-flavour squarks or gluinos in cases (a) and (c), respectively. In all cases squarks of the
third generation are decoupled. In case (b) the masses of the light-flavour squarks are set to 0.96 times
the mass of the gluino. The expected limits for case (c) do not extend substantially beyond those obtained
from the previous published ATLAS analysis [17] because the events closely resemble the predominant
W/Z + 2-jet background, leading the background uncertainties to be dominated by systematics.

In Fig. 8 limits are shown for pair produced gluinos each decaying via an intermediate �̃±1 to two
quarks, a W boson and a �̃0

1, and pair produced light squarks each decaying via an intermediate �̃±1 to
a quark, a W boson and a �̃0

1. Results are presented for models in which either the �̃0
1 mass is fixed to

60 GeV, or the mass splitting between the �̃±1 and the �̃0
1, relative to that between the squark or gluino

and the �̃0
1, is fixed to 0.5.

In Fig. 9 the results are interpreted in the context of a Non-Universal Higgs Mass model with gaugino
mediation (NUHMG) [73] with parameters tan � = 10, µ > 0, m2

H2
= 0, and A0 chosen to maximize the

mass of the lightest Higgs boson. The two remaining free parameters of the model m1/2 and m2
H1

are
chosen such that the next-to-lightest SUSY particle (NLSP) is a tau-sneutrino with properties satisfying
Big Bang Nucleosynthesis constraints.

In Fig. 10(left) limits are presented for a simplified phenomenological SUSY model in which pairs
of gluinos are produced, each of which then decays to a top squark and a top quark, with the top squark
decaying to a charm quark and �̃0

1.
In addition to these interpretations in terms of SUSY models, an alternative interpretation in the

context of the minimal universal extra dimension (mUED) model [75] with similar phenomenological

14

Figure 11: Current ATLAS limits on a squark-gluino simplified model [35]. CMS limits
are similar.

3.5 Electroweakinos

One of the most impressive and exciting developments (to me, at least) has been the
improving sensitivity to pure electroweak production of electroweakinos, with processes
such as �0

2�
± ! Z�0

1W�0
1 beginning to exceed LEP limits in mass reach. These searches

are challenging due to the substantial irreducible background from SM diboson production,
but can be e↵ectively searched for using leptonic final states and refinements involving the
flavor and charge properties of the leptons. The most e↵ective channels are trileptons
including one opposite-sign, same-flavor pair reconstructing a Z boson, as well as 2`2j
final states where the leptons again reconstruct a Z, with limits shown in Fig. 12 [36].

Sensitivity to WZ + MET is of order 100 fb, but including leptonic BR, sensitivity
is of order 10 fb on par with other searches. As illustrated in Fig. 12, this pushes out to
⇠ 325 GeV, which entails a tuning of � ⇠ 25.

One can also search for more optimistic scenarios where the electroweakinos decay
through sleptons, yielding additional leptons in combinations that populate channels with
smaller SM backgrounds. In general, trilepton final states without a Z boson are relatively

24
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Figure 20: Interpretation of the dilepton WZ + Emiss
T and three-lepton results. The dilepton ob-

served, three-lepton observed, their combination, and combined expected contours are shown.

WZ/ZZ + Emiss
T analysis of Section 6 to restrict the GMSB scenario. The results are displayed

in Fig. 21.

8.4 Limits on chargino and slepton pair production

Figure 22 shows limits on the chargino and slepton pair-production cross section times branch-
ing ratio for the processes of Fig. 3. The limits for chargino-pair production are set using both
the opposite- and same-flavor channels discussed in Section 7, while the limits for slepton pair
production are set using only the same-flavor channel.

9 Summary
This note presents searches for supersymmetric charginos, neutralinos, and sleptons. The
searches explore final states with three leptons, four leptons, two same-sign leptons, two res-
onant opposite-sign-same-flavor leptons plus two jets, and two non-resonant opposite-sign
leptons. Figure 23 displays four of the results presented above on a single plot. No excesses
above the standard model expectations are observed. The results are used to exclude a range of
chargino, neutralino, and slepton masses, where we assume these particles have large branch-
ing fractions to leptons and vector bosons.

The results improve on the previous CMS search for electroweak supersymmetry [8]. This
analysis also presents the first interpretation from CMS of models with slepton and chargino
pair production.

Figure 12: Current electroweakino limits from CMS [36]; ATLAS results are similar.

rare in the SM, so sensitivity to these scenarios is good and the cross section reach is at
the ⇠ few fb level. This is illustrated cleanly in Fig. 13 [36].

8.3 Limits on a Z-enriched GMSB model 23
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1

versus m��0
2
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1

) plane indicates the 95% CL upper limit on
the chargino-neutralino production NLO cross section times branching fraction in the flavor-
democratic scenario, for the three-lepton search. The contours bound the mass regions ex-
cluded at 95% CL for a branching fraction of 50%, as appropriate for the visible decay products
in this scenario. The contours based on the observations are shown; in addition, the expected
bound is shown.
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Figure 17: The shading in the m��0
1

versus m��0
2

(= m��±
1

) plane indicates the 95% CL upper limit on
the chargino-neutralino production NLO cross section times branching fraction in the flavor-
democratic scenario, for the combined analysis of the three-lepton search and the same-sign
dilepton search. The contours bound the mass regions excluded at 95% CL for a branching
fraction of 50%, as appropriate for the visible decay products in this scenario. The contours
based on the observations are shown for the combination; in addition, the expected combined
bound is shown. Other contours show separate mass exclusions for the three-lepton search and
the same-sign dilepton search alone.

Figure 13: Current CMS electroweakino limits for spectra with light sleptons [36]; ATLAS
results are similar.

The considerable hole in current searches at the LHC is to the pair production of
charginos [37]. Production and decay of �+�� ! W+W� + �0

1�
0
1 is extremely challenging

to search for given the large irreducible WW background at the LHC. At present the only
genuine direct limit is set by ATLAS, which is 2 � 3 times the theory cross section below
200 GeV and then worsens to 5 times the theory cross section by 250 GeV due to the falling
rate [38]. This is the one final state for which limits have not improved relative to LEP.
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+ many more direct and indirect limits



the only stop seen at CERN



Fermilab

Estia Eichten                               MAP Spring Meeting, Fermilab                                    May 27, 2014                   

A Higgs Boson - Now what?

• CMS limits 

• Similarly B, D, K decays don’t show evidence for BSM physics. 

– BUT

8

CMS Exotica Physics Group Summary – March, 2014

stopped gluino (cloud)
stopped stop (cloud)
HSCP gluino (cloud)

HSCP stop (cloud)
q=2/3e HSCP

q=3e HSCP
neutralino, ctau=25cm, ECAL time

0 1 2 3 4

RS1(γγ), k=0.1
RS1(ee,uu), k=0.1

RS1(jj), k=0.1
RS1(WW→4j), k=0.1

RS1(ZZ→4j), k=0.1
bulk RS(ZZ→lljj), k=0.5

0 1 2 3 4

coloron(jj) x2
coloron(4j) x2

gluino(3j) x2
gluino(jjb) x2

0 1 2 3 4

RS Gravitons

Multijet 
Resonances

Long-Lived 
Particles

SSM Z'(ττ)
SSM Z'(jj)

SSM Z'(bb)
SSM Z'(ee)+Z'(µµ)

SSM W'(jj)
SSM W'(lv)

SSM W'(WZ→lvll)
SSM W'(WZ→4j)

0 1 2 3 4

Heavy Gauge 
Bosons

CMS Preliminary

j+MET, SI DM=100 GeV, Λ
j+MET, SD DM=100 GeV, Λ
γ+MET, SI DM=100 GeV, Λ
γ+MET, SD DM=100 GeV, Λ

l+MET, ξ=+1, SI DM=100 GeV, Λ
l+MET, ξ=+1, SD DM=100 GeV, Λ

l+MET, ξ=-1, SI DM=100 GeV, Λ
l+MET, ξ=-1, SD DM=100 GeV, Λ

0 1 2 3 4

Dark Matter

LQ1(ej) x2
LQ1(ej)+LQ1(νj)

LQ2(μj) x2
LQ2(μj)+LQ2(νj)

LQ3(νb) x2
LQ3(τb) x2
LQ3(τt) x2

0 1 2 3 4

Leptoquarks

e* (M=Λ)
μ* (M=Λ)

q* (qg)
q* (qγ)

b*
0 1 2 3 4

Excited 
Fermions

dijets, Λ+ LL/RR
dijets, Λ- LL/RR

dimuons, Λ+ LLIM
dimuons, Λ- LLIM
single e,  Λ HnCM
single μ, Λ HnCM
inclusive jets, Λ+
inclusive jets, Λ-

0 3 6 9 12 15

ADD (γγ), nED=4, MS
ADD (ee,μμ), nED=4, MS

ADD (j+MET), nED=4, MD
ADD (γ+MET), nED=4, MD

QBH, nED=4, MD=4 TeV
NR BH, nED=4, MD=4 TeV

Jet Extinction Scale
String Scale (jj)

0 3 6 9 12 15

Large Extra 
Dimensions

Compositeness

Fermilab

Estia Eichten                               MAP Spring Meeting, Fermilab                                    May 27, 2014                   

A Higgs Boson - Now what?

– The observed Higgs Boson resolves the unitarity crisis: mH = 125.5  GeV                                                                      
(New physics must appear at or below theTeV scale) 

– The second argument remains strong. but is now less rigorously tied to the TeV scale and 

– No evidence for new physics beyond the Standard Model (BSM)  to date: 
• BSM  (SUSY, Strong Dynamics, Extra Dimensions, New fermions or gauge bosons,…) 

– ATLAS limits                                                              

7

5/25/2014 ATLAS_SUSY_Summary.png (2831×2115)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/ATLAS_SUSY_Summary/ATLAS_SUSY_Summary.png 1/1

5/25/2014 ATLAS_Exotics_Summary.png (4513×3367)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/ATLAS_Exotics_Summary/ATLAS_Exotics_Summary.png 1/1

BUT:

limits are driven by first 
generation squarks… not 
the most important states 

for EWSB

what do we need to be light? 
 

and 
  

what do we need (analysis-
wise, machine wise) to see 

those states?



Fermilab

Estia Eichten                               MAP Spring Meeting, Fermilab                                    May 27, 2014                   

A Higgs Boson - Now what?

• CMS limits 

• Similarly B, D, K decays don’t show evidence for BSM physics. 

– BUT

8

CMS Exotica Physics Group Summary – March, 2014

stopped gluino (cloud)
stopped stop (cloud)
HSCP gluino (cloud)

HSCP stop (cloud)
q=2/3e HSCP

q=3e HSCP
neutralino, ctau=25cm, ECAL time

0 1 2 3 4

RS1(γγ), k=0.1
RS1(ee,uu), k=0.1

RS1(jj), k=0.1
RS1(WW→4j), k=0.1

RS1(ZZ→4j), k=0.1
bulk RS(ZZ→lljj), k=0.5

0 1 2 3 4

coloron(jj) x2
coloron(4j) x2

gluino(3j) x2
gluino(jjb) x2

0 1 2 3 4

RS Gravitons

Multijet 
Resonances

Long-Lived 
Particles

SSM Z'(ττ)
SSM Z'(jj)

SSM Z'(bb)
SSM Z'(ee)+Z'(µµ)

SSM W'(jj)
SSM W'(lv)

SSM W'(WZ→lvll)
SSM W'(WZ→4j)

0 1 2 3 4

Heavy Gauge 
Bosons

CMS Preliminary

j+MET, SI DM=100 GeV, Λ
j+MET, SD DM=100 GeV, Λ
γ+MET, SI DM=100 GeV, Λ
γ+MET, SD DM=100 GeV, Λ

l+MET, ξ=+1, SI DM=100 GeV, Λ
l+MET, ξ=+1, SD DM=100 GeV, Λ

l+MET, ξ=-1, SI DM=100 GeV, Λ
l+MET, ξ=-1, SD DM=100 GeV, Λ

0 1 2 3 4

Dark Matter

LQ1(ej) x2
LQ1(ej)+LQ1(νj)

LQ2(μj) x2
LQ2(μj)+LQ2(νj)

LQ3(νb) x2
LQ3(τb) x2
LQ3(τt) x2

0 1 2 3 4

Leptoquarks

e* (M=Λ)
μ* (M=Λ)

q* (qg)
q* (qγ)

b*
0 1 2 3 4

Excited 
Fermions

dijets, Λ+ LL/RR
dijets, Λ- LL/RR

dimuons, Λ+ LLIM
dimuons, Λ- LLIM
single e,  Λ HnCM
single μ, Λ HnCM
inclusive jets, Λ+
inclusive jets, Λ-

0 3 6 9 12 15

ADD (γγ), nED=4, MS
ADD (ee,μμ), nED=4, MS

ADD (j+MET), nED=4, MD
ADD (γ+MET), nED=4, MD

QBH, nED=4, MD=4 TeV
NR BH, nED=4, MD=4 TeV

Jet Extinction Scale
String Scale (jj)

0 3 6 9 12 15

Large Extra 
Dimensions

Compositeness

Fermilab

Estia Eichten                               MAP Spring Meeting, Fermilab                                    May 27, 2014                   

A Higgs Boson - Now what?

– The observed Higgs Boson resolves the unitarity crisis: mH = 125.5  GeV                                                                      
(New physics must appear at or below theTeV scale) 

– The second argument remains strong. but is now less rigorously tied to the TeV scale and 

– No evidence for new physics beyond the Standard Model (BSM)  to date: 
• BSM  (SUSY, Strong Dynamics, Extra Dimensions, New fermions or gauge bosons,…) 

– ATLAS limits                                                              

7

5/25/2014 ATLAS_SUSY_Summary.png (2831×2115)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/ATLAS_SUSY_Summary/ATLAS_SUSY_Summary.png 1/1

5/25/2014 ATLAS_Exotics_Summary.png (4513×3367)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/ATLAS_Exotics_Summary/ATLAS_Exotics_Summary.png 1/1

BUT:

what do we need (analysis-
wise, machine wise) to fill 

these gaps

limits have holes



Naturalness

(say, <⇠ 1 TeV), the predicted mass of the Higgs bo-
son is too small to be compatible with the ATLAS and
CMS observation [77, 78] of a 125 GeV Higgs-like bo-
son (e.g. [28, 37, 40, 79–91]). On the other hand, light
third generation sparticles can significantly modify the
detailed properties – production cross section and decay
rates – of the lightest Higgs boson [92–105].

We consider the e↵ects of Natural Supersymmetry on
the detailed properties of the lightest Higgs boson. Here
we are not interested in maximizing a particular decay
channel or fitting to the existing Higgs results, but in-
stead we endeavor to simply understand the characteris-
tics that Natural Supersymmetry has on Higgs physics.
Our main result is to overlay the modifications to the
Higgs physics onto the allowed parameter space of Natu-
ral Supersymmetry. Two interesting regions emerge. In
the “compressed wedge” region where (mq̃�|µ|)/mq̃ ⌧ 1
and mq̃ can be small, the e↵ects on Higgs physics are to
enhance the inclusive (gluon-fusion dominated) cross sec-
tion �incl

MSSM by 10-30% simultaneous with a slight reduc-
tion of BR(h ! ��)MSSM by up to 5%. By contrast, in
the “kinematic limit” region where mq̃ >⇠ 600-750 GeV,
there is a slight enhancement of BR(h ! ��)MSSM by up
to 5%, with the inclusive (gluon-fusion dominated) cross
section �incl

MSSM within a few % of the Standard Model re-
sult. While the experimental situation the LHC collabo-
rations is not yet settled, it is already clear that these two
regions lead to distinctly di↵erent e↵ects on Higgs prop-
erties that can be probed with ' 10% measurements.

Given light stops and sbottoms, we must consider the
supersymmetric prediction for the lightest Higgs boson
mass. We assert that Natural Supersymmetry – in the
MSSM – is simply incompatible with obtaining a lightest
Higgs boson mass consistent with the LHC data. This
point has been emphasized in some recent work, for ex-
ample [81, 106, 107]. Hence, we do not restrict the third
generation squark masses to obtain a given lightest Higgs
boson mass. Instead, we assume there is another contri-
bution to the quartic coupling that is su�cient to aug-
ment the MSSM contributions, resulting in a Higgs mass
that matches experiment, mh ' 125 GeV. Not specifying
this contribution would seem to be fatal flaw of our anal-
ysis. We show that simple extensions of the MSSM, in
particular the next-to-minimal supersymmetric standard
model (NMSSM), can give both a su�cient boost to the
quartic coupling with negligible e↵ects on the Higgsino
mass spectrum and the decay chains that we consider
here. Specific examples of NMSSM parameter choices
that realize our assertion are given in Appendix A.

We do not consider the gluino in this paper. The
gluino contributions to the electroweak symmetry break-
ing scale may be significant in the MSSM, given the
existing searches that suggest the gluino must be heavier
than 1-1.3 TeV, depending on the search strategy [46–
49, 108]. However, the size of the gluino contribution to
electroweak symmetry breaking is model-dependent: A
Dirac gluino has a substantially smaller contribution to
the electroweak symmetry breaking scale compared with

a Majorana gluino, when the leading-log enhancements
are included, allowing a Dirac gluino to be substantially
heavier [109–111]. In addition, the search strategies for
a gluino depend on its Majorana or Dirac character.
One of the most important search strategies – involving
same-sign dileptons (such as [46, 49]) does not provide a
constraint on a Dirac gluino.

II. MASS HIERARCHY IN NATURAL
SUPERSYMMETRY

A. Contributions to the Electroweak Scale

In the minimal supersymmetric standard model
(MSSM) the electroweak symmetry breaking scale is de-
termined by, at tree-level [112],

1

2
M2

Z =
tan2 � + 1

tan2 � � 1

m2
Hd

� m2
Hu

2
�1

2
m2

Hu
�1

2
m2

Hd
�|µ|2 .

(1)
In saying “contribution to the electroweak scale”, it is
understood that the supersymmetric and supersymme-
try breaking parameters are adjusted to obtain the value
already determined by experiment. Here we are inter-
ested in the relative size of |µ| and the loop corrections
to the electroweak breaking scale, i.e., MZ .
For tan� very near 1, the coe�cient of the first term in

Eq. (1) becomes large, because the D-flat direction in the
scalar potential is not lifted, and thus implies increased
sensitivity to the supersymmetric parameters. The sen-
sitivity is most easily understood by eliminating depen-
dence on m2

Hd
using the tree-level relation [112]

m2
A = 2|µ|2 + m2
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At large tan�, however, Eq. (3) simplifies to

1

2
M2

Z = �m2
Hu

� |µ|2 (4)

and eliminates dependence on m2
A. Generally, we have

taken tan� = 10 for the analyses to follow, and thus
the heavy Higgs scalars that acquire masses near mA can
be readily decoupled from our analysis. However, the
smaller tan� region reappears in our discussion of the
NMSSM in Appendix A, where the the relative contribu-
tions to the electroweak symmetry breaking scale become
more complicated for the NMSSM scalar potential.
With Eq. (4) in mind, we can compare the relative

importance of di↵erent contributions to the electroweak
symmetry breaking scale by normalizing to M2

Z/2 [113]
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(say, <⇠ 1 TeV), the predicted mass of the Higgs bo-
son is too small to be compatible with the ATLAS and
CMS observation [77, 78] of a 125 GeV Higgs-like bo-
son (e.g. [28, 37, 40, 79–91]). On the other hand, light
third generation sparticles can significantly modify the
detailed properties – production cross section and decay
rates – of the lightest Higgs boson [92–105].

We consider the e↵ects of Natural Supersymmetry on
the detailed properties of the lightest Higgs boson. Here
we are not interested in maximizing a particular decay
channel or fitting to the existing Higgs results, but in-
stead we endeavor to simply understand the characteris-
tics that Natural Supersymmetry has on Higgs physics.
Our main result is to overlay the modifications to the
Higgs physics onto the allowed parameter space of Natu-
ral Supersymmetry. Two interesting regions emerge. In
the “compressed wedge” region where (mq̃�|µ|)/mq̃ ⌧ 1
and mq̃ can be small, the e↵ects on Higgs physics are to
enhance the inclusive (gluon-fusion dominated) cross sec-
tion �incl

MSSM by 10-30% simultaneous with a slight reduc-
tion of BR(h ! ��)MSSM by up to 5%. By contrast, in
the “kinematic limit” region where mq̃ >⇠ 600-750 GeV,
there is a slight enhancement of BR(h ! ��)MSSM by up
to 5%, with the inclusive (gluon-fusion dominated) cross
section �incl

MSSM within a few % of the Standard Model re-
sult. While the experimental situation the LHC collabo-
rations is not yet settled, it is already clear that these two
regions lead to distinctly di↵erent e↵ects on Higgs prop-
erties that can be probed with ' 10% measurements.

Given light stops and sbottoms, we must consider the
supersymmetric prediction for the lightest Higgs boson
mass. We assert that Natural Supersymmetry – in the
MSSM – is simply incompatible with obtaining a lightest
Higgs boson mass consistent with the LHC data. This
point has been emphasized in some recent work, for ex-
ample [81, 106, 107]. Hence, we do not restrict the third
generation squark masses to obtain a given lightest Higgs
boson mass. Instead, we assume there is another contri-
bution to the quartic coupling that is su�cient to aug-
ment the MSSM contributions, resulting in a Higgs mass
that matches experiment, mh ' 125 GeV. Not specifying
this contribution would seem to be fatal flaw of our anal-
ysis. We show that simple extensions of the MSSM, in
particular the next-to-minimal supersymmetric standard
model (NMSSM), can give both a su�cient boost to the
quartic coupling with negligible e↵ects on the Higgsino
mass spectrum and the decay chains that we consider
here. Specific examples of NMSSM parameter choices
that realize our assertion are given in Appendix A.

We do not consider the gluino in this paper. The
gluino contributions to the electroweak symmetry break-
ing scale may be significant in the MSSM, given the
existing searches that suggest the gluino must be heavier
than 1-1.3 TeV, depending on the search strategy [46–
49, 108]. However, the size of the gluino contribution to
electroweak symmetry breaking is model-dependent: A
Dirac gluino has a substantially smaller contribution to
the electroweak symmetry breaking scale compared with

a Majorana gluino, when the leading-log enhancements
are included, allowing a Dirac gluino to be substantially
heavier [109–111]. In addition, the search strategies for
a gluino depend on its Majorana or Dirac character.
One of the most important search strategies – involving
same-sign dileptons (such as [46, 49]) does not provide a
constraint on a Dirac gluino.

II. MASS HIERARCHY IN NATURAL
SUPERSYMMETRY

A. Contributions to the Electroweak Scale

In the minimal supersymmetric standard model
(MSSM) the electroweak symmetry breaking scale is de-
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In saying “contribution to the electroweak scale”, it is
understood that the supersymmetric and supersymme-
try breaking parameters are adjusted to obtain the value
already determined by experiment. Here we are inter-
ested in the relative size of |µ| and the loop corrections
to the electroweak breaking scale, i.e., MZ .
For tan� very near 1, the coe�cient of the first term in

Eq. (1) becomes large, because the D-flat direction in the
scalar potential is not lifted, and thus implies increased
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At large tan�, however, Eq. (3) simplifies to
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and eliminates dependence on m2
A. Generally, we have

taken tan� = 10 for the analyses to follow, and thus
the heavy Higgs scalars that acquire masses near mA can
be readily decoupled from our analysis. However, the
smaller tan� region reappears in our discussion of the
NMSSM in Appendix A, where the the relative contribu-
tions to the electroweak symmetry breaking scale become
more complicated for the NMSSM scalar potential.
With Eq. (4) in mind, we can compare the relative

importance of di↵erent contributions to the electroweak
symmetry breaking scale by normalizing to M2

Z/2 [113]
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In the MSSM, there are also important one-loop contributions from a Majorana wino and two-loop contributions from
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Here we somewhat arbitrarily chose to normalize all of
our numerical evaluations to a factor of 10 times M2

Z/2,
as well as normalizing the size of the leading-logs to
⇤mess/m̃ = 20.2 This small ratio implicitly assumes a
low scale for the messenger sector, and thus the small-
est sensitivity of supersymmetry breaking parameters to
the electroweak breaking scale. This provides suggestive
values for |µ|, the stop masses, and in the MSSM, the
wino and gluino masses. As these parameters signifi-
cantly di↵er from these suggestive values, their relative
importance to determining (or fine-tuning to determine)
the electroweak scale is altered accordingly. In particular,
we see that |µ| = 200 GeV gives a comparable contribu-
tion to a pair of stops at mt̃1

= mt̃2
= 450 GeV.

The Natural Supersymmetry predictions for the wino
and gluino mass depend on whether they acquire Majo-
rana or Dirac masses. Already we see that if the wino
acquires a Majorana mass, its mass is expected to be
nearly 1 TeV. A Dirac wino would have a mass consider-
ably larger. Similarly a Majorana gluino is expected to
be 1.2 TeV (with the normalization of the logs as given
above), and again significantly larger than this if it ac-
quires a Dirac mass.

For the purposes of this paper, we assume the gluino is
either su�ciently heavy so as to not lead to collider con-
straints (in practice, this means a Majorana gluino needs

2 Except for ⇤mess/|M3| =
p
20, since a conservative interpreta-

tion of LHC bounds is that the gluino already exceeds 1.3 TeV
in viable scenarios.

to be above about 1.3 TeV [46–49, 108]), or it acquires
a Dirac mass, in which case its Natural Supersymmetry
mass is well out of range of the LHC. We assume the
wino and bino acquires ' 1 TeV masses, but our results
are largely insensitive to this choice.

B. Higgsino mass splitting

In the limit M1,2 � |µ|, v, the lightest chargino and
the lightest two neutralinos are Higgsino-like and nearly
degenerate in mass. The leading contributions to the
mass di↵erence at order 1/M1,2,
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(say, <⇠ 1 TeV), the predicted mass of the Higgs bo-
son is too small to be compatible with the ATLAS and
CMS observation [77, 78] of a 125 GeV Higgs-like bo-
son (e.g. [28, 37, 40, 79–91]). On the other hand, light
third generation sparticles can significantly modify the
detailed properties – production cross section and decay
rates – of the lightest Higgs boson [92–105].

We consider the e↵ects of Natural Supersymmetry on
the detailed properties of the lightest Higgs boson. Here
we are not interested in maximizing a particular decay
channel or fitting to the existing Higgs results, but in-
stead we endeavor to simply understand the characteris-
tics that Natural Supersymmetry has on Higgs physics.
Our main result is to overlay the modifications to the
Higgs physics onto the allowed parameter space of Natu-
ral Supersymmetry. Two interesting regions emerge. In
the “compressed wedge” region where (mq̃�|µ|)/mq̃ ⌧ 1
and mq̃ can be small, the e↵ects on Higgs physics are to
enhance the inclusive (gluon-fusion dominated) cross sec-
tion �incl

MSSM by 10-30% simultaneous with a slight reduc-
tion of BR(h ! ��)MSSM by up to 5%. By contrast, in
the “kinematic limit” region where mq̃ >⇠ 600-750 GeV,
there is a slight enhancement of BR(h ! ��)MSSM by up
to 5%, with the inclusive (gluon-fusion dominated) cross
section �incl

MSSM within a few % of the Standard Model re-
sult. While the experimental situation the LHC collabo-
rations is not yet settled, it is already clear that these two
regions lead to distinctly di↵erent e↵ects on Higgs prop-
erties that can be probed with ' 10% measurements.

Given light stops and sbottoms, we must consider the
supersymmetric prediction for the lightest Higgs boson
mass. We assert that Natural Supersymmetry – in the
MSSM – is simply incompatible with obtaining a lightest
Higgs boson mass consistent with the LHC data. This
point has been emphasized in some recent work, for ex-
ample [81, 106, 107]. Hence, we do not restrict the third
generation squark masses to obtain a given lightest Higgs
boson mass. Instead, we assume there is another contri-
bution to the quartic coupling that is su�cient to aug-
ment the MSSM contributions, resulting in a Higgs mass
that matches experiment, mh ' 125 GeV. Not specifying
this contribution would seem to be fatal flaw of our anal-
ysis. We show that simple extensions of the MSSM, in
particular the next-to-minimal supersymmetric standard
model (NMSSM), can give both a su�cient boost to the
quartic coupling with negligible e↵ects on the Higgsino
mass spectrum and the decay chains that we consider
here. Specific examples of NMSSM parameter choices
that realize our assertion are given in Appendix A.

We do not consider the gluino in this paper. The
gluino contributions to the electroweak symmetry break-
ing scale may be significant in the MSSM, given the
existing searches that suggest the gluino must be heavier
than 1-1.3 TeV, depending on the search strategy [46–
49, 108]. However, the size of the gluino contribution to
electroweak symmetry breaking is model-dependent: A
Dirac gluino has a substantially smaller contribution to
the electroweak symmetry breaking scale compared with

a Majorana gluino, when the leading-log enhancements
are included, allowing a Dirac gluino to be substantially
heavier [109–111]. In addition, the search strategies for
a gluino depend on its Majorana or Dirac character.
One of the most important search strategies – involving
same-sign dileptons (such as [46, 49]) does not provide a
constraint on a Dirac gluino.
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taken tan� = 10 for the analyses to follow, and thus
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smaller tan� region reappears in our discussion of the
NMSSM in Appendix A, where the the relative contribu-
tions to the electroweak symmetry breaking scale become
more complicated for the NMSSM scalar potential.
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In the MSSM, there are also important one-loop contributions from a Majorana wino and two-loop contributions from
a Majorana gluino (e.g., [37, 112])
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Here we somewhat arbitrarily chose to normalize all of
our numerical evaluations to a factor of 10 times M2

Z/2,
as well as normalizing the size of the leading-logs to
⇤mess/m̃ = 20.2 This small ratio implicitly assumes a
low scale for the messenger sector, and thus the small-
est sensitivity of supersymmetry breaking parameters to
the electroweak breaking scale. This provides suggestive
values for |µ|, the stop masses, and in the MSSM, the
wino and gluino masses. As these parameters signifi-
cantly di↵er from these suggestive values, their relative
importance to determining (or fine-tuning to determine)
the electroweak scale is altered accordingly. In particular,
we see that |µ| = 200 GeV gives a comparable contribu-
tion to a pair of stops at mt̃1

= mt̃2
= 450 GeV.

The Natural Supersymmetry predictions for the wino
and gluino mass depend on whether they acquire Majo-
rana or Dirac masses. Already we see that if the wino
acquires a Majorana mass, its mass is expected to be
nearly 1 TeV. A Dirac wino would have a mass consider-
ably larger. Similarly a Majorana gluino is expected to
be 1.2 TeV (with the normalization of the logs as given
above), and again significantly larger than this if it ac-
quires a Dirac mass.

For the purposes of this paper, we assume the gluino is
either su�ciently heavy so as to not lead to collider con-
straints (in practice, this means a Majorana gluino needs

2 Except for ⇤mess/|M3| =
p
20, since a conservative interpreta-

tion of LHC bounds is that the gluino already exceeds 1.3 TeV
in viable scenarios.

to be above about 1.3 TeV [46–49, 108]), or it acquires
a Dirac mass, in which case its Natural Supersymmetry
mass is well out of range of the LHC. We assume the
wino and bino acquires ' 1 TeV masses, but our results
are largely insensitive to this choice.

B. Higgsino mass splitting

In the limit M1,2 � |µ|, v, the lightest chargino and
the lightest two neutralinos are Higgsino-like and nearly
degenerate in mass. The leading contributions to the
mass di↵erence at order 1/M1,2,
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our numerical evaluations to a factor of 10 times M2

Z/2,
as well as normalizing the size of the leading-logs to
⇤mess/m̃ = 20.2 This small ratio implicitly assumes a
low scale for the messenger sector, and thus the small-
est sensitivity of supersymmetry breaking parameters to
the electroweak breaking scale. This provides suggestive
values for |µ|, the stop masses, and in the MSSM, the
wino and gluino masses. As these parameters signifi-
cantly di↵er from these suggestive values, their relative
importance to determining (or fine-tuning to determine)
the electroweak scale is altered accordingly. In particular,
we see that |µ| = 200 GeV gives a comparable contribu-
tion to a pair of stops at mt̃1
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= 450 GeV.

The Natural Supersymmetry predictions for the wino
and gluino mass depend on whether they acquire Majo-
rana or Dirac masses. Already we see that if the wino
acquires a Majorana mass, its mass is expected to be
nearly 1 TeV. A Dirac wino would have a mass consider-
ably larger. Similarly a Majorana gluino is expected to
be 1.2 TeV (with the normalization of the logs as given
above), and again significantly larger than this if it ac-
quires a Dirac mass.

For the purposes of this paper, we assume the gluino is
either su�ciently heavy so as to not lead to collider con-
straints (in practice, this means a Majorana gluino needs
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are largely insensitive to this choice.
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even without direct limits, a dose of reality

Higgs mass forces MSSM supersymmetry to shift expectations
couplings of h0 might turn out to deviate significantly from those of a Standard Model Higgs boson.

Top-squark mixing (to be discussed in section 8.4) can result in a further large positive contribution
to m2

h0 . At one-loop order, and working in the decoupling limit for simplicity, eq. (8.1.24) generalizes
to:
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Here ct̃ and st̃ are the cosine and sine of a top squark mixing angle θt̃, defined more specifically below
following eq. (8.4.19). For fixed top-squark masses, the maximum possible h0 mass occurs for rather
large top squark mixing, c2
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s2
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It follows that the quantity in square brackets in eq. (8.1.25) is always less than m2
t [ln(m

2
t̃2
/m2

t ) + 3].
The LEP constraints on the MSSM Higgs sector make the case of large top-squark mixing noteworthy.

Including these and other important corrections [192]-[201], one can obtain only a weaker, but still
very interesting, bound

mh0 <∼ 135 GeV (8.1.26)

in the MSSM. This assumes that all of the sparticles that can contribute to m2
h0 in loops have masses

that do not exceed 1 TeV. By adding extra supermultiplets to the MSSM, this bound can be made even
weaker. However, assuming that none of the MSSM sparticles have masses exceeding 1 TeV and that
all of the couplings in the theory remain perturbative up to the unification scale, one still has [202]

mh0 <∼ 150 GeV. (8.1.27)

This bound is also weakened if, for example, the top squarks are heavier than 1 TeV, but the upper
bound rises only logarithmically with the soft masses, as can be seen from eq. (8.1.24). Thus it is a
fairly robust prediction of supersymmetry at the electroweak scale that at least one of the Higgs scalar
bosons must be light. (However, if one is willing to extend the MSSM in a completely general way
above the electroweak scale, none of these bounds need apply.) For a given set of model parameters,
it is always important to take into account the complete set of one-loop corrections and even the
dominant two-loop effects in order to get reasonably accurate predictions for the Higgs masses and
mixings [192]-[201].

In the MSSM, the masses and CKM mixing angles of the quarks and leptons are determined not
only by the Yukawa couplings of the superpotential but also the parameter tan β. This is because the
top, charm and up quark mass matrix is proportional to vu = v sin β and the bottom, strange, and
down quarks and the charge leptons get masses proportional to vd = v cos β. At tree-level,

mt = ytv sin β, mb = ybv cos β, mτ = yτv cosβ. (8.1.28)

These relations hold for the running masses rather than the physical pole masses, which are significantly
larger for t, b [203]. Including those corrections, one can relate the Yukawa couplings to tan β and
the known fermion masses and CKM mixing angles. It is now clear why we have not neglected yb
and yτ , even though mb,mτ ≪ mt. To a first approximation, yb/yt = (mb/mt) tan β and yτ/yt =
(mτ/mt) tan β, so that yb and yτ cannot be neglected if tan β is much larger than 1. In fact, there are
good theoretical motivations for considering models with large tan β. For example, models based on
the GUT gauge group SO(10) can unify the running top, bottom and tau Yukawa couplings at the
unification scale; this requires tan β to be very roughly of order mt/mb [204, 205].

Note that if one tries to make sin β too small, yt will be nonperturbatively large. Requiring that
yt does not blow up above the electroweak scale, one finds that tan β >∼ 1.2 or so, depending on the
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Figure 1: The Higgs mass in low-energy super-
symmetry for large tan� ⇡ 20. The shaded re-
gion in the (Xt,mS) plane corresponds to the
observed value of mh. Higher-order corrections
and the uncertainty in the top mass amount to
an error of a few GeV in mh.

Figure 2: The white region is the range in the
(m

˜t1
,m

˜t2
) plane allowed by the mh constraint,

while shaded regions are excluded. The full,
dashed, and dotted lines correspond to fixed val-
ues of �t, satisfying the mh constraint with
|Xt| >

p
6 (blue) or |Xt| <

p
6 (black).

2 The light-stop window

2.1 Constraints from the Higgs mass and decay rates

The leading part of the supersymmetric prediction for the mass of the lightest Higgs boson

is
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where Xt = (At + µ cot �)/mS, m2

S = m
˜t1m˜t2 is the average stop mass, yt = mt/v is the

top-quark Yukawa coupling, and v ⇡ 174 GeV is the Higgs vev. In fig. 1 we show the region

of the (Xt,mS) plane compatible with the observed Higgs mass (for tan � � 1), including

also the leading two-loop corrections to the Higgs mass not shown in eq. (1). The lightest

average stop mass that can lead to the observed Higgs mass is obtained for

mS ⇡ 500 GeV and X2

t ⇡ 6 . (2)

We focus on such configuration, the so-called “maximal mixing” case, since it reduces the

fine-tuning in electroweak symmetry breaking and can lead to observable signals.

3

only log-sensitive to superpartner 
masses

large increase in stop mass  
-> small mh increase, 

 but large increase in Δ

[Delgado et al ’12]



even without direct limits, a dose of reality

Higgs mass forces MSSM supersymmetry to shift expectations
couplings of h0 might turn out to deviate significantly from those of a Standard Model Higgs boson.

Top-squark mixing (to be discussed in section 8.4) can result in a further large positive contribution
to m2

h0 . At one-loop order, and working in the decoupling limit for simplicity, eq. (8.1.24) generalizes
to:
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Here ct̃ and st̃ are the cosine and sine of a top squark mixing angle θt̃, defined more specifically below
following eq. (8.4.19). For fixed top-squark masses, the maximum possible h0 mass occurs for rather
large top squark mixing, c2

t̃
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It follows that the quantity in square brackets in eq. (8.1.25) is always less than m2
t [ln(m

2
t̃2
/m2

t ) + 3].
The LEP constraints on the MSSM Higgs sector make the case of large top-squark mixing noteworthy.

Including these and other important corrections [192]-[201], one can obtain only a weaker, but still
very interesting, bound

mh0 <∼ 135 GeV (8.1.26)

in the MSSM. This assumes that all of the sparticles that can contribute to m2
h0 in loops have masses

that do not exceed 1 TeV. By adding extra supermultiplets to the MSSM, this bound can be made even
weaker. However, assuming that none of the MSSM sparticles have masses exceeding 1 TeV and that
all of the couplings in the theory remain perturbative up to the unification scale, one still has [202]

mh0 <∼ 150 GeV. (8.1.27)

This bound is also weakened if, for example, the top squarks are heavier than 1 TeV, but the upper
bound rises only logarithmically with the soft masses, as can be seen from eq. (8.1.24). Thus it is a
fairly robust prediction of supersymmetry at the electroweak scale that at least one of the Higgs scalar
bosons must be light. (However, if one is willing to extend the MSSM in a completely general way
above the electroweak scale, none of these bounds need apply.) For a given set of model parameters,
it is always important to take into account the complete set of one-loop corrections and even the
dominant two-loop effects in order to get reasonably accurate predictions for the Higgs masses and
mixings [192]-[201].

In the MSSM, the masses and CKM mixing angles of the quarks and leptons are determined not
only by the Yukawa couplings of the superpotential but also the parameter tan β. This is because the
top, charm and up quark mass matrix is proportional to vu = v sin β and the bottom, strange, and
down quarks and the charge leptons get masses proportional to vd = v cos β. At tree-level,

mt = ytv sin β, mb = ybv cos β, mτ = yτv cosβ. (8.1.28)

These relations hold for the running masses rather than the physical pole masses, which are significantly
larger for t, b [203]. Including those corrections, one can relate the Yukawa couplings to tan β and
the known fermion masses and CKM mixing angles. It is now clear why we have not neglected yb
and yτ , even though mb,mτ ≪ mt. To a first approximation, yb/yt = (mb/mt) tan β and yτ/yt =
(mτ/mt) tan β, so that yb and yτ cannot be neglected if tan β is much larger than 1. In fact, there are
good theoretical motivations for considering models with large tan β. For example, models based on
the GUT gauge group SO(10) can unify the running top, bottom and tau Yukawa couplings at the
unification scale; this requires tan β to be very roughly of order mt/mb [204, 205].

Note that if one tries to make sin β too small, yt will be nonperturbatively large. Requiring that
yt does not blow up above the electroweak scale, one finds that tan β >∼ 1.2 or so, depending on the
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2 The light-stop window

2.1 Constraints from the Higgs mass and decay rates

The leading part of the supersymmetric prediction for the mass of the lightest Higgs boson
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where Xt = (At + µ cot �)/mS, m2

S = m
˜t1m˜t2 is the average stop mass, yt = mt/v is the

top-quark Yukawa coupling, and v ⇡ 174 GeV is the Higgs vev. In fig. 1 we show the region

of the (Xt,mS) plane compatible with the observed Higgs mass (for tan � � 1), including

also the leading two-loop corrections to the Higgs mass not shown in eq. (1). The lightest

average stop mass that can lead to the observed Higgs mass is obtained for

mS ⇡ 500 GeV and X2

t ⇡ 6 . (2)

We focus on such configuration, the so-called “maximal mixing” case, since it reduces the

fine-tuning in electroweak symmetry breaking and can lead to observable signals.
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even without direct limits, a dose of reality

Higgs mass forces MSSM supersymmetry to shift expectations
couplings of h0 might turn out to deviate significantly from those of a Standard Model Higgs boson.

Top-squark mixing (to be discussed in section 8.4) can result in a further large positive contribution
to m2

h0 . At one-loop order, and working in the decoupling limit for simplicity, eq. (8.1.24) generalizes
to:

m2
h0 = m2

Z cos2(2β) +
3

4π2
sin2β y2t

[
m2

t ln
(
mt̃1mt̃2/m

2
t

)
+ c2t̃ s

2
t̃ (m

2
t̃2
−m2

t̃1
) ln(m2

t̃2
/m2

t̃1
)

+c4t̃ s
4
t̃

{
(m2

t̃2
−m2

t̃1
)2 − 1

2
(m4

t̃2
−m4

t̃1
) ln(m2

t̃2
/m2

t̃1
)
}
/m2

t

]
. (8.1.25)

Here ct̃ and st̃ are the cosine and sine of a top squark mixing angle θt̃, defined more specifically below
following eq. (8.4.19). For fixed top-squark masses, the maximum possible h0 mass occurs for rather
large top squark mixing, c2
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The LEP constraints on the MSSM Higgs sector make the case of large top-squark mixing noteworthy.

Including these and other important corrections [192]-[201], one can obtain only a weaker, but still
very interesting, bound

mh0 <∼ 135 GeV (8.1.26)

in the MSSM. This assumes that all of the sparticles that can contribute to m2
h0 in loops have masses

that do not exceed 1 TeV. By adding extra supermultiplets to the MSSM, this bound can be made even
weaker. However, assuming that none of the MSSM sparticles have masses exceeding 1 TeV and that
all of the couplings in the theory remain perturbative up to the unification scale, one still has [202]

mh0 <∼ 150 GeV. (8.1.27)

This bound is also weakened if, for example, the top squarks are heavier than 1 TeV, but the upper
bound rises only logarithmically with the soft masses, as can be seen from eq. (8.1.24). Thus it is a
fairly robust prediction of supersymmetry at the electroweak scale that at least one of the Higgs scalar
bosons must be light. (However, if one is willing to extend the MSSM in a completely general way
above the electroweak scale, none of these bounds need apply.) For a given set of model parameters,
it is always important to take into account the complete set of one-loop corrections and even the
dominant two-loop effects in order to get reasonably accurate predictions for the Higgs masses and
mixings [192]-[201].

In the MSSM, the masses and CKM mixing angles of the quarks and leptons are determined not
only by the Yukawa couplings of the superpotential but also the parameter tan β. This is because the
top, charm and up quark mass matrix is proportional to vu = v sin β and the bottom, strange, and
down quarks and the charge leptons get masses proportional to vd = v cos β. At tree-level,

mt = ytv sin β, mb = ybv cos β, mτ = yτv cosβ. (8.1.28)

These relations hold for the running masses rather than the physical pole masses, which are significantly
larger for t, b [203]. Including those corrections, one can relate the Yukawa couplings to tan β and
the known fermion masses and CKM mixing angles. It is now clear why we have not neglected yb
and yτ , even though mb,mτ ≪ mt. To a first approximation, yb/yt = (mb/mt) tan β and yτ/yt =
(mτ/mt) tan β, so that yb and yτ cannot be neglected if tan β is much larger than 1. In fact, there are
good theoretical motivations for considering models with large tan β. For example, models based on
the GUT gauge group SO(10) can unify the running top, bottom and tau Yukawa couplings at the
unification scale; this requires tan β to be very roughly of order mt/mb [204, 205].

Note that if one tries to make sin β too small, yt will be nonperturbatively large. Requiring that
yt does not blow up above the electroweak scale, one finds that tan β >∼ 1.2 or so, depending on the
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where Xt = (At + µ cot �)/mS, m2

S = m
˜t1m˜t2 is the average stop mass, yt = mt/v is the

top-quark Yukawa coupling, and v ⇡ 174 GeV is the Higgs vev. In fig. 1 we show the region

of the (Xt,mS) plane compatible with the observed Higgs mass (for tan � � 1), including

also the leading two-loop corrections to the Higgs mass not shown in eq. (1). The lightest

average stop mass that can lead to the observed Higgs mass is obtained for

mS ⇡ 500 GeV and X2

t ⇡ 6 . (2)

We focus on such configuration, the so-called “maximal mixing” case, since it reduces the

fine-tuning in electroweak symmetry breaking and can lead to observable signals.
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even without direct limits, a dose of reality

Higgs mass forces MSSM supersymmetry to shift expectations
couplings of h0 might turn out to deviate significantly from those of a Standard Model Higgs boson.

Top-squark mixing (to be discussed in section 8.4) can result in a further large positive contribution
to m2
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Here ct̃ and st̃ are the cosine and sine of a top squark mixing angle θt̃, defined more specifically below
following eq. (8.4.19). For fixed top-squark masses, the maximum possible h0 mass occurs for rather
large top squark mixing, c2

t̃
s2
t̃
= m2

t /[m
2
t̃2
+m2

t̃1
− 2(m2

t̃2
−m2

t̃1
)/ln(m2

t̃2
/m2

t̃1
)] or 1/4, whichever is less.

It follows that the quantity in square brackets in eq. (8.1.25) is always less than m2
t [ln(m

2
t̃2
/m2

t ) + 3].
The LEP constraints on the MSSM Higgs sector make the case of large top-squark mixing noteworthy.

Including these and other important corrections [192]-[201], one can obtain only a weaker, but still
very interesting, bound

mh0 <∼ 135 GeV (8.1.26)

in the MSSM. This assumes that all of the sparticles that can contribute to m2
h0 in loops have masses

that do not exceed 1 TeV. By adding extra supermultiplets to the MSSM, this bound can be made even
weaker. However, assuming that none of the MSSM sparticles have masses exceeding 1 TeV and that
all of the couplings in the theory remain perturbative up to the unification scale, one still has [202]

mh0 <∼ 150 GeV. (8.1.27)

This bound is also weakened if, for example, the top squarks are heavier than 1 TeV, but the upper
bound rises only logarithmically with the soft masses, as can be seen from eq. (8.1.24). Thus it is a
fairly robust prediction of supersymmetry at the electroweak scale that at least one of the Higgs scalar
bosons must be light. (However, if one is willing to extend the MSSM in a completely general way
above the electroweak scale, none of these bounds need apply.) For a given set of model parameters,
it is always important to take into account the complete set of one-loop corrections and even the
dominant two-loop effects in order to get reasonably accurate predictions for the Higgs masses and
mixings [192]-[201].

In the MSSM, the masses and CKM mixing angles of the quarks and leptons are determined not
only by the Yukawa couplings of the superpotential but also the parameter tan β. This is because the
top, charm and up quark mass matrix is proportional to vu = v sin β and the bottom, strange, and
down quarks and the charge leptons get masses proportional to vd = v cos β. At tree-level,

mt = ytv sin β, mb = ybv cos β, mτ = yτv cosβ. (8.1.28)

These relations hold for the running masses rather than the physical pole masses, which are significantly
larger for t, b [203]. Including those corrections, one can relate the Yukawa couplings to tan β and
the known fermion masses and CKM mixing angles. It is now clear why we have not neglected yb
and yτ , even though mb,mτ ≪ mt. To a first approximation, yb/yt = (mb/mt) tan β and yτ/yt =
(mτ/mt) tan β, so that yb and yτ cannot be neglected if tan β is much larger than 1. In fact, there are
good theoretical motivations for considering models with large tan β. For example, models based on
the GUT gauge group SO(10) can unify the running top, bottom and tau Yukawa couplings at the
unification scale; this requires tan β to be very roughly of order mt/mb [204, 205].

Note that if one tries to make sin β too small, yt will be nonperturbatively large. Requiring that
yt does not blow up above the electroweak scale, one finds that tan β >∼ 1.2 or so, depending on the
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where Xt = (At + µ cot �)/mS, m2

S = m
˜t1m˜t2 is the average stop mass, yt = mt/v is the

top-quark Yukawa coupling, and v ⇡ 174 GeV is the Higgs vev. In fig. 1 we show the region

of the (Xt,mS) plane compatible with the observed Higgs mass (for tan � � 1), including

also the leading two-loop corrections to the Higgs mass not shown in eq. (1). The lightest

average stop mass that can lead to the observed Higgs mass is obtained for

mS ⇡ 500 GeV and X2

t ⇡ 6 . (2)

We focus on such configuration, the so-called “maximal mixing” case, since it reduces the

fine-tuning in electroweak symmetry breaking and can lead to observable signals.
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that the mass reach in the generic searches for gluinos and squarks of the first two
generations will be extended from typically 2.6 TeV to 3.2 TeV when adding the HL-LHC
data. These results remain essentially unchanged for lightest supersymmetry particle
(LSP) masses up to 1/3 of the mass of the strongly produced sparticles.

Naturalness arguments suggest the top squark to be light, preferably below 1 TeV.
At 14 TeV the direct stop pair production cross-section for 600 GeV (1 TeV) stops is
240 fb (10 fb). An increase in the luminosity from 300 to 3000 fb�1 increases therefore
the sensitivity significantly for heavy stop in the interesting region or, if stop candidates
are found, will enable their properties to be measured. As an illustrative example of a
new detailed study Fig. 2.12 (a) summarises the results in the stop-LSP plane for two
decay chains. Both the 5� discovery range and the 95% CL exclusion limits are shown.
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Figure 2.12: (a) 5 � discovery reach and 95% CL exclusion limits in the stop-LSP mass plane
for two decay channels, as indicated, for direct stop pair production. (b) Indicative average mass
reaches at the design luminosity (LHC14), the HL-LHC (HL-LHC14) and at a higher energy of
33 TeV (HE-LHC33).

The cross sections for electroweak gaugino searches are small at the LHC, and the
discovery potential would get strongly enhanced by the ten-fold luminosity increase. For
example, the discovery potential for associated production of charginos and neutralinos
extends to scenarios with chargino masses of about 800 GeV for neutralino masses below
300 GeV. Some overall indications of the average increases in mass range are given in
Fig. 2.12 (b), which illustrates also the gains that could be expected for an increased
collision energy of 33 TeV.

A broad variety of resonances and other exotic signatures are sought for at the LHC.
The reach for direct observations extends deep into the TeV mass scale, as a typical
example one can quote the straight-forward searches for new sequential standard model
like Z ⇥ decaying into charged lepton pairs. As important as extending the mass range
is the substantial improvement in probing smaller couplings than those assumed for a
sequential SM Z ⇥. The mass reach of typically 6.5 TeV with 300 fb�1 will increase to
7.8 TeV with 3000 fb�1. This improved reach of about 20% is typical for many other
searches.

A notable area of exotic physics that would benefit particularly from a HL-LHC
phase is the sector of final states with top quarks. Strongly and weakly produced
top-antitop resonances have been studied as an interesting benchmark. For example,
strongly-produced Kaluza-Klein gluons in extra-dimension models could result in broad
top-antitop resonance signals. The mass reach for them would increase very significantly
from 4.3 TeV at 300 fb�1 to 6.7 TeV with 3000 fb�1. The HL-LHC would provide huge

LHC reach estimate

future collider should have this region in its sights 
want to study the stop, not just discover it!!

stops
Higgs mass already tells us stops (either one or both) 

should be > TeV (within vanilla MSSM). 

[Eur. Strategy book, 2013]



region where we 
need to get is where 
the LHC is running 

out of steam…
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that the mass reach in the generic searches for gluinos and squarks of the first two
generations will be extended from typically 2.6 TeV to 3.2 TeV when adding the HL-LHC
data. These results remain essentially unchanged for lightest supersymmetry particle
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are found, will enable their properties to be measured. As an illustrative example of a
new detailed study Fig. 2.12 (a) summarises the results in the stop-LSP plane for two
decay chains. Both the 5� discovery range and the 95% CL exclusion limits are shown.
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The cross sections for electroweak gaugino searches are small at the LHC, and the
discovery potential would get strongly enhanced by the ten-fold luminosity increase. For
example, the discovery potential for associated production of charginos and neutralinos
extends to scenarios with chargino masses of about 800 GeV for neutralino masses below
300 GeV. Some overall indications of the average increases in mass range are given in
Fig. 2.12 (b), which illustrates also the gains that could be expected for an increased
collision energy of 33 TeV.
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like Z ⇥ decaying into charged lepton pairs. As important as extending the mass range
is the substantial improvement in probing smaller couplings than those assumed for a
sequential SM Z ⇥. The mass reach of typically 6.5 TeV with 300 fb�1 will increase to
7.8 TeV with 3000 fb�1. This improved reach of about 20% is typical for many other
searches.

A notable area of exotic physics that would benefit particularly from a HL-LHC
phase is the sector of final states with top quarks. Strongly and weakly produced
top-antitop resonances have been studied as an interesting benchmark. For example,
strongly-produced Kaluza-Klein gluons in extra-dimension models could result in broad
top-antitop resonance signals. The mass reach for them would increase very significantly
from 4.3 TeV at 300 fb�1 to 6.7 TeV with 3000 fb�1. The HL-LHC would provide huge
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lots of tricks that allow lighter stops (and other states) to 
remain valid

• R-parity violation 
• long cascade decays 
• compressed spectra



lots of tricks that allow lighter stops (and other states) to 
remain valid

• R-parity violation 
• long cascade decays 
• compressed spectra

kills the MET signal by having 
the LSP decay to SM

spreads out energy over 
multiple final state objects, 

making them too soft for cuts
limits the phase space for 

decay particles, lowering the 
average energy and the MET



• R-parity violation 
• long cascade decays 
• compressed spectra

[Berggren 1308.1461]

clean environment and knowledge of initial state means lepton 
colliders are not confused by these tricks: ‘loophole free’

plus offer unparalleled precision in mass/mass-difference/spin/
coupling measurements (though fewer recent/detailed studies done 

for μ-collider)

to take advantage of these benefits, need the 
energy to make the sparticles: μ-collider

lots of tricks that allow lighter stops (and other states) to 
remain valid



light electroweakinos (Higgsinos/Winos/Bino)

μ must be light for naturalness → prime target for LHC/future               
                                                       collider studies     

24 5 Discovery Potential: Supersymmetry

too massive and c̃

±
1 and c̃

0
2 are wino-like, which suppresses neutralino-pair production relative

to neutralino-chargino production.

The analysis is based on a three-lepton search, with electrons, muons, and at most one hadron-
ically decaying t lepton. In order to get an estimate for the sensitivity at 14 TeV two different
Scenarios (A and B) are considered, as discussed earlier. The results are shown in Fig. 21. The
chargino mass sensitivity can be increased to 500–600 GeV, while discovery potential for neu-
tralinos ranges from 150 to almost 300 GeV.

P1

P2

�̃±
1

�̃0
2

W

Z

�̃0
1

�̃0
1

(a)

 [GeV]0

2
χ∼

 = m±

1
χ∼

m
100 200 300 400 500 600 700

 [G
eV

]
0 1χ∼

m

0

50

100

150

200

250

300

350

400

450

500
-18 TeV, 20 fb

 (scenario A)-114 TeV, 300 fb
 (scenario B)-114 TeV, 300 fb

±

1
χ∼ 0

2
χ∼ →pp 

0
1
χ∼ Z → 0

2
χ∼

0
1
χ∼ W → ±

1
χ∼

CMS Preliminary

Based on SUS-13-006
 discovery reachσEstimated 5

(b)

Figure 21: The simplified model topology for direct c̃

±
1 c̃

0
2 production decaying to the WZ+Emiss

T
final state (a), and the projected 5s discovery projections for this model (b).

5.6 Chargino-Neutralino Production with Decays to a Higgs Boson

In this section we also consider chargino-neutralino pair production with a signature that is
similar to the one considered in Sec. 5.5, except that here the c̃

0
2 instead decays to a Higgs boson

and the c̃

0
1 LSP. Hence we target the process c̃

±
1 c̃

0
2 ! (W±

c̃

0
1)(Hc̃

0
1) as indicated in Fig. 22(a),

and extrapolate the discovery reach based on the analysis of Ref. [47].

The projections are based on the analysis in the single lepton final state, which targets the
process c̃

±
1 c̃

0
2 ! (W±

c̃

0
1)(Hc̃

0
1) ! `nbb̄ + Emiss

T . The dominant background in this search is
from tt production; W bosons produced in association with b-quarks are also relevant. SM
backgrounds are suppressed with requirements on Emiss

T and related quantities, and we search
for a peak in the mbb̄ mass distribution consistent with mH = 126 GeV. For the projections,
in the conservative scenario we assume ssyst = 25% as in the current analysis, while in the
optimistic scenario we assume a reduction in the systematic uncertainty by a factor of 2.

The estimated 14 TeV discovery reach is shown in Fig. 22. Sensitivity to charginos and neutrali-
nos with masses up to 400–500 GeV is achieved, for LSP masses up to 60–150 GeV. Note that
realistic models contain a mixture of the decays c̃

0
2 ! Zc̃

0
1 and c̃

0
2 ! Hc̃

0
1, so the sensitivity lies

between the projections in this section and those in Sec. 5.5.

in some SUSY setups, i.e split SUSY, electroweakinos are the only 
TeV-scale particles, motivated by DM & unification

electroweakino mixtures can be as heavy as ~3 TeV while remaining 
viable DM candidates… well beyond reach of LHC/ILC

[CMS 1307.7135]
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from tt production; W bosons produced in association with b-quarks are also relevant. SM
backgrounds are suppressed with requirements on Emiss

T and related quantities, and we search
for a peak in the mbb̄ mass distribution consistent with mH = 126 GeV. For the projections,
in the conservative scenario we assume ssyst = 25% as in the current analysis, while in the
optimistic scenario we assume a reduction in the systematic uncertainty by a factor of 2.

The estimated 14 TeV discovery reach is shown in Fig. 22. Sensitivity to charginos and neutrali-
nos with masses up to 400–500 GeV is achieved, for LSP masses up to 60–150 GeV. Note that
realistic models contain a mixture of the decays c̃

0
2 ! Zc̃
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2 ! Hc̃

0
1, so the sensitivity lies
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j/γ
when states are nearly 

degenerate, must rely on ISR-
assisted signals

tricky at LHC due to systematics 
on Z(νν)̅+j/γ background, 

chargino searches lose sensitivity as mass 
increases or mass splitting decreases

• ~ no limit at LHC8 
• limited reach even after several ab-1, LHC14



chargino searches lose sensitivity as mass 
increases or mass splitting decreases

Mono-X 

- Very challenging. Systematics dominated
No limit from the 8 TeV run. 
Very weak discovery reach at 14 TeV, 3 ab-1 .

- Reach at lepton collider, about 1/2 ECM.
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full sector must be observed to distinguish between models

neutralino/chargino spectrum contains a lot of information about 
the theory (μ, M1, M2, tanβ)

 
current ‘standard’ searches focus on χ±χ⁰₂ 

many extensions of the MSSM (i.e NMSSM) leave their 
most visible imprint in the EW-ino sector as extra states 

or modified interactions

precision, high energy studies necessary



s-channel advantage:

all SUSY models contain extra Higgses H/A

from Higgs (h) coupling measurements, we know H/A are 
essentially decoupled from WW/ZZ and are narrow  

mH ~ mA not pinpointed by naturalness, but also not tightly 
bounded at  LHC

H/A can be produced as s-channel resonances at a μ-collider. 
Tuning √ s ∼ mH, rate becomes enormous

ety of final states. Cast in term of Type-II 2HDM pa-
rameters, the current bounds exclude mH/A . 300GeV
for tan� = 10, stretching to mH/A . 600GeV for
tan� = 40 [13–19]. After the full 8 TeV dataset has
been analyzed, these bounds are expected to increase by
an additional 50� 100GeV, and the limits are estimated
to approximately double (mH/A . 900GeV, tan� =

10, andmH/A . 1.5TeV, tan� = 40) after 150 fb�1 of
14 TeV LHC running [18]. Indirect bounds from preci-
sion studies of the couplings of the 125GeV state may
also give some insight [18, 20, 21], but these bounds de-
pend on assumptions about loop contributions from other
light states in the spectrum.

The discovery potential of H/A at TeV scale e+e� col-
liders has also been studied in detail [22–25]. At an e+e�

collider, heavy Higgses must be produced in association
with some other particle, since the electron Yukawa cou-
pling is too small for e�cient s-channel production. One
popular production mode is e+e� ! HZ0, however this
process su↵ers from a small HZ0Z0 coupling, as we will
explain in more detail later. Other production modes
include e+e� ! tt̄ H/A and e+e� ! HA. While these
modes yield distinct final states, the cross sections are
usually so low that the rate at a prospective linear col-
lider is insu�cient for precision studies. Additionally,
the fact that the heavy Higgses must be produced in as-
sociation makes extracting the H/A masses and widths
challenging.

III. MUON COLLIDER BASICS

In this work we will assume the muon collider spec-
ifications laid out in Ref. [3]. Specifically, we assume
energies from 1.0 � 6TeV, a beam resolution of ⇠ 0.1%
and a integrated luminosity of at least 500 fb�1 1

The muon collider is already known to have unique ca-
pabilities as a SM-like Higgs factory [27]; including the
measurement of Higgs mass to �M(h0) = 0.06MeV, a
direct width measurement to �� = 0.15MeV and sensi-
tivity to second generation couplings through the mea-
surement of Br(µ+µ�)⇥Br(WW ⇤) to two percent [28].
Studies are ongoing for the accuracy of other Higgs cou-
plings (see eg. [29]). Because the SM Higgs width so
small, �h/mh = 3.4⇥ 10�4, the requirements on a muon
collider (R = �E/E ⇠ 3 ⇥ 10�5 with luminosity of
approximately 1032 cm2 sec �1 [30]) are very demand-
ing [31].

1 Nominal luminosities are: 1.25 ⇥ 1034 cm�2sec�1 (
p
s =

1.5TeV), 4.4 ⇥ 1034 cm�2sec�1 (
p
s = 3.0TeV) [3] and 1.2 ⇥

1035 cm�2sec�1 (
p
s = 6.0TeV) [26].

A. Resonant production

To see why a muon collider is so well suited to H/A
production, we need to understand how the production
rate is a↵ected by various physical scales. The cross sec-
tion for resonant H/A production with subsequent decay
into a final state X is given by:

�(µ+µ� ! H/A ! X)

=
4⇡ �2

H/A BX

(ŝ�m2
H/A)

2 + �2
H/A m2

H/A

(1)

where BX = Br(H/A ! µ+µ�)Br(H/A ! X) andp
ŝ is the center of mass energy of the collider. This

parton-level cross section must be convolved with the
beam energy resolution, taken as a Gaussian with vari-
ance � = R

p
s/
p
2, where

p
s is the nominal beam en-

ergy [28].

�eff (s) =

Z
d
p
ŝ�(ŝ)⇥Gauss(

p
s,�) (2)

When � ⌧ �H/A, the beam-smearing function collapses
to a delta function. On resonance (

p
s = mH/A), the

cross-section then becomes a constant times the product
of branching ratios

�(µ+µ� ! H/A ! X) =
⇣ 4⇡

m2
H/A

⌘
BX . (3)

In the opposite limit, � � �H/A, the rate is

�(µ+µ� ! H/A ! X) ⇠ BX

m2
H/A

⇣�H/A

�

⌘
, (4)

and is suppressed relative to the previous limit by ⇠
�H/A/(4⇡�).
The highest rate will therefore be achieved for par-

ticles that are wide compared to the beam resolution
� � �H/A, yet narrow enough that Br(H/A ! µ+µ�)
is not infinitesimal. To get a rough idea for how large
Br(H/A ! µ+µ�) needs to be, we can plug in some
numbers assuming � � �H/A and Br(H/A ! X) ⇠
O(1):

Events/year = 1.54⇥ 105 (5)

⇥
⇣ L
1034 cm�2 s�1

⌘⇣ 1TeV
mH/A

⌘2⇣BR(H/A ! µ+µ�)

10�4

⌘

B. H/A widths:

While there is still much to be learned about the cou-
plings and properties of the 125GeV Higgs from future
LHC analyses, the couplings of the Higgs boson to W±

and Z0 bosons are already limited to be close to their
SM values [32, 33]. Within a 2HDM, the hV V cou-
plings are set by sin(� � ↵) where tan� is the ratio

2

[Eichten, AM ’13]
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– However generally expect heavy: H±, H0 and A0 

– LHC limits on H± :  ~ 350   (ATLAS) (CMS) 

– SUSY models that evade the all present experimental constraints  
often have very heavy THDM scalars 

– The H/A are observable as s-channel resonances at a MC!
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FIG. 1. Top panel: comparison of resonant H/A produc-
tion in several benchmark supersymmetry scenarios [35] with
Z0h and �⇤/Z0 production. The models are: HS = Hid-
den Supersymmetry, NS = Natural Supersymmetry, NUGM
= non-universal Higgs mass, and TDR4 = light-slepton, stau
NLSP model. For the complete spectra in these scenarios,
see Ref [35]. Bottom: Comparison of H/A production in the
Natural Supersymmetry model with Z0h, Z0H and heavy
Higgs pair production. In both plots H/A production is the
sum of µ+µ� ! H and µ+µ� ! A as the states are nearly
degenerate.

fit provides an excellent description of the total cross sec-
tion and allows an accurate determination of the individ-
ual masses, widths and Bbb̄ branching ratios of the A and
H.

VI. H/A FACTORY

In the previous section, we investigated the principal
decay mode of the H/A resonances, the bb̄ channel. We
have determined the masses, total widths and branching
ratio Br(µ+µ�)⇥Br(bb̄) for both the H and A. Now we
consider other decay modes.

TABLE I. Properties of the H and A states in the Natural
Supersymmetry benchmark model [35]. In addition to masses
and total widths, the branching ratios for various decay modes
are shown.

H A

Mass 1.560TeV 1.550TeV

Width 19.5GeV 19.2GeV

(Decay) Br (Decay) Br

(bb̄) 0.64 (bb̄) 0.65

(⌧+⌧�) 8.3⇥ 10�2 (⌧+⌧�) 8.3⇥ 10�3

(ss̄) 3.9⇥ 10�4 (ss̄) 4.0⇥ 10�3

(µ+µ�) 2.9⇥ 10�4 (µ+µ�) 2.9⇥ 10�4

(tt̄) 6.6⇥ 10�3 (tt̄) 7.2⇥ 10�3

(gg) 1.4⇥ 10�5 (gg) 6.1⇥ 10�5

(��) 1.1⇥ 10�7 (��) 3.8⇥ 10�9

(Z0Z0) 2.6⇥ 10�5 (Z0�) 4.3⇥ 10�8

(h0h0) 4.4⇥ 10�5

(W+W�) 5.3⇥ 10�5

(⌧̃±
1 ⌧̃⌥

2 ) 9.2⇥ 10�3 (⌧̃±
1 ⌧̃⌥

2 ) 9.5⇥ 10�3

(t̃1t̃
⇤
1) 3.1⇥ 10�3 (t̃1t̃

⇤
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(�0
1�

0
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1�
0
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(�0
2�

0
2) 1.3⇥ 10�3 (�0

2�
0
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(�0
1�

0
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0
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(�0
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0
4) 1.7⇥ 10�2 (�0

1�
0
4) 4.0⇥ 10�2

(�0
2�

0
3) 3.8⇥ 10�2 (�0

2�
0
3) 2.7⇥ 10�2

(�0
2�

0
4) 4.0⇥ 10�2 (�0

2�
0
4) 1.5⇥ 10�2

(�±
1 �

⌥
2 ) 5.7⇥ 10�2 (�±

1 �
⌥
2 ) 6.0⇥ 10�2

TABLE II. Fit of the H/A region to background plus Breit-
WIgner resonances. Both a single and two resonance fits
are shown. General form of the background fit is �B(

p
s) =

c1(1.555)
2/s( in TeV2). The values of the best fit for one or

two Breit-Wigner resonances are given.

One Resonance

Mass(GeV) �(GeV) �peak (pb)

1555± 0.1GeV 24.2± 0.2 1.107± 0.0076

�2/ndf = 363/96 c1 = 0.0354± 0.0006

Two Resonances

Mass(GeV) �(GeV) �peak (pb)

1550± 0.5GeV 19.3± 0.7 0.6274± 0.0574
1560± 0.5GeV 20.0± 0.7 0.6498± 0.0568

�2/ndf = 90.1/93 c1 = 0.040± 0.0006

A. The ⌧+⌧� decays

The ⌧ pair branching fractions are typically large
(⇠10%) and so we have high statistics for this mode as
well. The signal cross section to the final state ⌧+⌧� is
shown in Fig. 2. The signal to background ratio is S/B ⇠=

4

Higgs Studies and More Scalars

depending on H/A 
separation, width, and 
energy resolution, two 

distinct peaks may be seen

if mH > 2 mX for some 
superpartner 

(electroweakinos!), 
pp → H/A  

is a new SUSY source

even at ~few % BR, pp → H/A → XX can far 
exceed other X production modes



nasty scenarios still exist…

cancellation of quadratic sensitivity of Higgs mass does not 
require top-partner has QCD color, just the same # of d.o.f.

could have a SUSY where the stop is not colored under our QCD!
‘Folded Supersymmetry’ [Burdman, Chacko et al ’06]

little studied, but best option is likely precision HiggsAnything else we can do?

- Precision Higgs measurement is the best way to 
go. 

4
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FIG. 1: Sample counterterm diagrams that depend on the
Higgs self-energy.

O(0.5%) uncertainty [15]. Thus Higgs boson coupling
measurements can constrain natural new physics for
generic top partners even when they are neutral under

the SM gauge group. To see the relevant e↵ects clearly,
consider the theory of Eq. (3) when all scalar top part-
ners, �i, are gauge singlets. In the limit m� � v, we may
integrate out the �i and express their e↵ects in terms
of an e↵ective Lagrangian below the scale m� involv-
ing only Standard Model fields with appropriate higher-
dimensional operators. At one loop, integrating out the
�i leads to shifts in the wave-function renormalization
and potential of the Higgs doublet H as well as opera-
tors of dimension six and higher. Most of these shifts
and operators are irrelevant from the perspective of low-
energy physics, except for one dimension-six operator in
the e↵ective Lagrangian:

Leff = LSM +
cH
m2

�

✓
1

2
@µ|H|2@µ|H|2

◆
+ . . . (10)

where the ellipses include additional higher-dimensional
operators that are irrelevant for our purposes. Match-
ing to the full theory at the scale m�, we find cH(m�) =
n�|��|2/96⇡2. Although this operator may be exchanged
for a linear combination of other higher-dimensional op-
erators using field redefinitions or classical equations of
motion, the physical e↵ects are unaltered. Below the
scale of electroweak symmetry breaking, Eq. (10) leads
to a shift in the wave-function renormalization of the
physical scalar h as in Eq. (2), with �Zh = 2cHv2/m2

�.
Canonically normalizing h alters its coupling to vectors
and fermions, leading to a measurable correction to, e.g.,
the hZ associated production cross-section

��Zh = �2cH
v2

m2
�

= �n�|��|2
48⇡2

v2

m2
�

. (11)

where we have defined ��Zh as the fractional change in
the associated production cross section relative to the SM
prediction, which by design vanishes for the SM alone.
Since n�|��|2 is required to be large in order to cancel the
top quadratic divergence, this e↵ect may be observable
in precision measurements of �Zh despite arising at one
loop.

While this e↵ective Lagrangian approach makes the
physical e↵ect transparent, naturalness dictates that
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FIG. 2: Scalar top-partner corrections to the Higgs associ-
ated production cross-section at a 250 GeV linear collider as
a function of the top-partner mass m� in the e↵ective the-
ory of naturalness of Eq. (3). Corrections are shown for
n� = 1, .., 6 top partners. Estimates for the measurement
precision of 2.5% [22, 23] and 0.5% [29] are also shown. It
is remarkable that with current precision estimates a large
portion of model-independent parameter space for Higgs nat-
uralness can be probed. In particular, if one compares with
the tuning estimates of Eq. (9), this broadly corresponds to
probing 10% tuned regions for a single scalar top partner and
close to 25% tuned regions for n� = 6 scalar top partners as
in SUSY. Optimistically, if the precision could be improved to
��Zh ⇠ 0.1%, then virtually all parameter space for generic
natural scalar theories with up to ⇠ 10% tunings could be
probed.

m� ⇠ v, and threshold corrections to Eq. (10) may be
large and a complete calculation is required. In the on-
shell renormalization scheme, the Higgs self-energy en-
ters through the counter-term part of the renormalized
e+e� ! hZ amplitude via the diagrams depicted in
Fig. 1. Thus the hG0Z and hZZ vertices receive correc-
tions from the Higgs wave-function renormalization.10

For scalar top partners the Higgs wave-function renor-
malization arises at one loop through scalar trilinear cou-
plings, which gauge invariance relates to the quartic ver-
tices, which are in turn directly relevant for the cancel-
lation of the quadratic divergences in �m2

h.
At one loop the e↵ective theory of naturalness defined

in Eq. (3) leads to a correction to the associated produc-
tion cross-section of the form [15]

��Zh = n�
|��|2v2
8⇡2m2

h

(1 + F (⌧�)) (12)

=
9�2

tm
2
t

2⇡2n�m2
h

(1 + F (⌧�)) (13)

10 See e.g. Ref. [31] for a complete list of SM Feynman rules.
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Conclusions
direct LHC constraints and mh = 126 GeV have cut a swath out of 

SUSY parameter space

`Natural’ spectra remain the least constrained and are a main 
goal for LHC14 + beyond (mstop, minos < few TeV)

to thoroughly search for &, if found, measure SUSY,  
a high-energy, high precision lepton collider is the best tool 

if μ-collider is the best combination of these traits, its the 
machine to use (added bonus of s-channel H/A factory)

updated, detailed studies of μ-collider capabilities for 
precision SUSY/DM studies motivated



EXTRAS



implications of Higgs couplings later, but for now we can discuss the implications of direct
searches for the extra Higgs states. There is the CP even neutral Higgs H, the pseudoscalar
A, and the charged Higgs H±; these typically have comparable masses assuming some
parametric separation from the state at 125 GeV.
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Figure 15: Current MSSM Higgs limits from CMS [39]; ATLAS limits are similar. The
“LEP” exclusion is an artifact of the MSSM prediction for the Higgs mass, rather than a
direct search limit, and shouldn’t be taken too seriously.

The strongest limits by far come from decays of all Higgs states to ⌧⌧ . Current limits are
shown in Fig. 15 [39]. The search combines ditau signals from h, H, A and gains sensitivity
at large tan � where the production modes are enhanced both by bb contributions to gluon
fusion and also bb� associated production. There is not much advantage garnered from the
actual enhancement of the �⌧⌧ coupling, since the �bb coupling is similarly enhanced and
therefore the total width grows in proportion to the partial width of interest. Thus the
high tan � sensitivity comes predominantly from enhancement of the production mode.

Historical prejudice disfavored low tan � due to the LEP limit on the Higgs mass. But,
as we’ll discuss later, the observed Higgs mass already favors additional mechanisms to
enhance the Higgs mass. In my mind, this means we shouldn’t take the “LEP exclusion”
region of this plot too seriously, and should be open to signals at low tan � as well. (To
be clear, we should take the LEP exclusion on physical Higgs states seriously, but should
remain open to probing the phenomenology of scenarios whose signals populate the low
tan � region and require physics beyond the MSSM to explain the observed Higgs mass.)
At low tan � the decays of heavy scalars to V V and hh, Zh become important. While the
decay of a heavy Higgs into vectors has long been studied, quite recently CMS presented the

27

more detailed limits

kinematics are more open and the b-tags improve e�ciency. This sensitivity corresponds
to cross sections on the order of 10 fb, and somewhat smaller for heavy flavor.

3.4 Squarks

First- and second-generation squarks are a di↵erent matter entirely compared to stops and
bottoms, since their production cross sections benefit from direct qq̄ contributions. The
squark pair production cross section is comparable to the gluino pair production cross
section.

The primary mode here when other states are decoupled is q̃q̃ ! q�0
1q�

0
1, and so

e�ciently searched for in final states with � 2 jets and MET. Direct limits, shown in
Fig. 10 [34], lie around 800 GeV at both ATLAS and CMS, a bit weaker than 10fb due
to the low-multiplicity final state. There is no direct tuning associated with this limit.
However, if all squarks were around the same mass, it would imply a tuning on the order
of � ⇠ 30.
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(b) �q�q ! q��0q̄��0 (Model T2)
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(c) �b�b ! b��0b̄��0 (Model T2bb)
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(d) �g�g ! tt̄��0tt̄��0 (Model T1tttt)
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Figure 10: Upper limit on cross section at 95% CL as a function of mq̃ or mg̃ and mLSP for various
simplified models. The solid thick black line indicates the observed exclusion region assuming
NLO+NLL SUSY production cross section. The thin black lines represent the observed ex-
cluded region when varying the cross section by its theoretical uncertainty. The dashed purple
lines indicate the median (thick line) ±1� (thin lines) expected exclusion regions.

Figure 10: Current CMS squark limits [34]; ATLAS limits are similar.

Also of interest are scenarios where squarks and gluinos are of comparable mass, as is
typically the case in mSUGRA-inspired scenarios. In this case, squark-gluino associated
production is available, with a cross section nearly an order of magnitude larger than gluino
pair production. This added source of cross section, combined with production in various
modes and the multiplicity of available final states, leads to sensitivity substantially above
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